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Preface
The initial proposal for this conference was approved by the
Interagency Committee on Marine Science and Engineering (ICMSE) in August 1974. Plans were completed in three preliminary meetings held at Argonne National Laboratory and attended by
ICMSE appointed representatives of the principal federal agencies with
Great Lakes programs and representatives of Argonne. The conference,
the second Great Lakes conference to be held at the request of ICMSE,
was sponsored by the newly-created Energy Research and Development
Administration (ERDA) and was held at Argonne National Laboratory,
March 25 27, 1975.
The purpose of the conference was to determine the current
status and future needs of research related to the assessment of the
impact of energy conversion on the Great Lakes, with principal emphasis
on the sources, transport, and ecological effects of energy ef uents in the
Great Lakes. The total attendance of 144 persons included 28 representatives from US. federal agencies, 3 from state agencies, 11 from
private organizations, 22 from universities, 6 from the Great Lakes Basin
Commission (GLBC), and 8 Canadians.
The following pages contain the complete proceedings of the
conference, including the keynote address by ERDA s Assistant Administrator for Environment and Safety, other invited papers, and a special
section describing energy-related Great Lakes research programs of the
principal U.S. federal agencies, together with an overview of these
programs prepared by the Great Lakes Basin Commission. The status of
current research related to the assessment of energy conversion s impact
on the Great Lakes and recommendations for appropriate future research are given in a summary for each workshop.
The task of organizing the conference and Of publishing its
proceedings initially seemed formidable but actually turned out to be
relatively easy because of the efforts and cooperation of everyone involved. From the outset of the planning, valuable guidance and support
was provided by Dr. Charles L. Osterberg, Environmental Programs
Manager, Division of Biomedical and Environmental Research, ERDA;

Steven N. Anastasion, Executive Secretary, ICMSE; and Dr. Warren K.

Sinclair, Associate Director for Biomedical and Environmental Research,
Argonne. Considerable help in the nal planning was provided by the
principal federal agency representatives, including Dr. Eugene Aubert
(Department of Commerce), Leonard Crook (GLBC), Dr. Tudor T. Davies
(EPA), Dr. George W. Saunders (ERDA), and Dr. Howard D. Tait
(Department of the Interior). I am most grateful to the session chair-

men my Argonne colleagues whose expertise, cooperation, and hard
work were responsible for the success of this conference. Finally, I wish
to thank Ellen M. Prosser and other staff members of the Great Lakes
Basin Commission for making my job as editor of the proceedings a
nominal one.
A number of those in attendance have made favorable com
ments on the conference, and I trust these proceedings will prove
informative and useful to many.

J. S. Marshall, Chairman
of the Planning Committee and
Editor of the Proceedings,
Second ICMSE Great Lakes Conference
Argonne National Laboratory
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James L. Liverman

Keynote Address

The Realism in Energy Options
James L. Liverman
Assistant Administrator for Environment and Safety, Energy
Research and Development Administration, Washington, D. C.

n January 19, 1975, the Energy Research and Develop-

ment Administration was created to combine under one
agency most of the energy related research and development of the
federal government. The Congress recognized also that one of the great
con icts of the time is that between the people responsible for preserving, protecting, and enhancing the environment on the one hand and
those responsible for development of the needed energy on the other.
The law is quite clear on this point and states explicitly in its Declaration
of Purpose as follows:
The Congress hereby declares that the general welfare
and the common defense and security requires effective action
to develop and increase the efficiency and reliability of all
energy sources to meet the needs of present and future gener
ations, to increase the productivity of the national economy and
strengthen its position in regard to international trade, to make
the nation self-suf cient in energy, and to advance the goals of
restoring, protecting and enhancing environmental quality.

Although the law is not quite as speci c on how these goals
are all to be achieved, it is quite clear from the legislative history that the
Assistant Administrator for Environment and Safety will have an over
sight function across the whole agency to insure that all the technologies
for achieving these goals have been fully considered in light of their
possible environmental and health impacts as they deveIOp. Neither
energy needs nor the enviromnent are limited by national boundaries; so
for both these reasons ERL A was pleased to sponsor this conference at
Argonne, which brings us together with ourneighbors from Canada to
discuss our common heritage, the Great Lakes, and how we may jointly
prevent their deterioration.
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I feel con dent that ERDA, along with the many other
agencies whose work is represented around the conference table here,
will be able to solve the problems of the Great Lakes over time, if
adequate funding is provided for the programs, which we all are so
anxious to conduct.
Let me talk with you a little more about ERDA, the new
agency which has only been in existence for some 65 days now, and

outline in barest terms our involvement in ecological studies of the Great
Lakes and other areas while on our quest for clean energy.
The agency was constituted by transferring parts of several
agencies into ERDA parts of the Atomic Energy Commission (AEC),
National Science Foundation (NSF), Department of the Interior, and

Environmental Protection Agency (EPA).

ERDA is headed by an Administrator, Dr. Robert Seamans,

Jr., an MIT trained engineer. He has had a number of major responsibilities during his distinguished career. He was Deputy Administrator of the
National Aeronautics and Space Administration and he has been Secretary of the Air Force. Immediately before coming to ERDA, he was
President of the National Academy of Engineering. Advance technology,
high priority tasks, urgencies, risks, large budgets these are not new to
him.
An important point to be made is that we are ERDA, we are
not a done-over AEC. Bob Seamans is using the best of each of the
predecessor agencies and welding them into a new agency with renewed
vigor. We have work to do and will do it.
On Wednesday of last week ERDA had its second contingent
of Presidential appointees con rmed. Bob Fri, former Acting Adminis
trator, EPA, became the Deputy Administrator. His background is
management.

Six other Presidential appointees were authorized to head up
the major segments of the ERDA line organization. These individuals are
the Assistant Administrators for nuclear energy, for fossil fuel, for

conservation, for solar-geothermal-advanced energies, for environment
and safety, and for national security. On Wednesday of last week the
Assistant Administrators for solar-geothermal and for environment and
safety were con rmed by the Senate and sworn in. There are still four
more to jump this hurdle, but the individuals currently serving as Acting
Deputy Assistant Administrators are highly quali ed and motivated
people.
Unlike the situation found in many newly created agencies,
the Assistant Administrators and the staff of ERDA are competent and
experienced and are already moving ahead. A major proportion of this
staff comes from the AEC, which ended its service on January 18 as a
result of the Energy Reorganization Act of 1974. Other experienced staff
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are coming to ERDA from the Bureau of Mines and the Of ce of Coal
Research in the Department of Interior. The functions of the National
Science Foundation as related to solar heating and cooling development
and geothermal power development were also transferred to ERDA.
Also transferred were the functions of the Environmental Protection

Agency relating to research, development, and demonstration of an
automobile with greater fuel ef ciency. Thus we are at work on coal, coal
conversion, oil, natural gas and substitute natural gas,

geothermal, hydroelectric, bioconversion, conservation,

ssion, fusion,

transmission,

transportation, water and land use, energy storage and, of course, all

aspects of environment and safety. ERDA is truly at work on all the
modes of energy transformation and production.
The nuclear regulatory responsibilities that were formerly
within theAEC now rest with another new agency, the Nuclear Regulatory Commission. An additional 40 agencies have responsibilities in
regulating energy in some form or another. The regulatory processes will
have some in uence on what is proposed, researched, developed, and
achieved relative to advanced energy technologies and to conventional
energy-producing systems. Whatever new and better ways we nd to
manage, control, and minimize environmental effects and safety hazards
will also in uence the development of numerous aspects of energy
technologies. It is absolutely essential to evaluate their health and
environmental impacts to insure the development of safe, clean energy.
My personal responsibilities Within ERDA concern the area
called Environment and Safety. The public, the Congress, the President,
and the courts have clearly mandated that we must use ournatural
resources optimally, with due concern for the deleterious residues that
may feed back upon us or be passed downstream to other persons or
societies, either in time or distance. To aid me in discharging these
responsibilities, the organization will be partitioned into three Divisions
and four Of ces. The Divisions are Biomedical and Environmental Re
search, Waste Management and Transportation, and Operational Safety.

The Of ces are Program Planning, Analysis and Coordination; NEPA
Related Activities; Environmental Control; and Reactor Safety Research
Coordination.
It is obvious that these activities must be closely coordinated,

not only with each other and within the ERDA structure itself, but also
with a number of other governmental agencies whose programs in some
way or other relate to those of ERDA. We will be conducting fundamental research as well as some applied activities which will underlie all
of the technologies. We in the Environment and Safety Programs want to
examine and understand all possible energy-related problems of environmental impact; to solve or resolve these problems whenever possible; to treat them if they cannot be solved; and generally to work
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together with our technology developing colleagues: to help them and be
helped, to advise and be advised, to caution and be cautioned. The task

set before us is large, and the challenge is clear. Our success will be
measured by our ability to anticipate the possible problems of energy
technologies as they develop and to insure that these problems are
forcefully brought to the attention of the technologists.
How do we in ERDA see these problems? All predictions
concerning future energy requirements arrive at essentially the same
conclusions: we do not have enough; we use the energy we have very
wastefully; for the short term we must import sizeable amounts of
foreign crude oil at seemingly uncontrollable high prices; in the longer
term, we do not know exactly how we are going to resolve the problem.
However, there do seem to be available certain technological options such
as solar and geothermal generation which will require intensive and
well«planned research and development and political charisma. Even on
these, at best we can only speculate about the speci c time by which
possible solutions will result in realistic and adequate supplies of energy.
Thus, we have a problem of several dimensions. I have not used the
words realistic and adequate as scare words. We as scientists must
consider cautiously what we say when we discuss what is possible. We
must not allow ourselves or our fellow citizens to become too optimistic
about the quick x offered by the various energy options, nor believe
the words of some of the uninformed which say that all other options,
solar, geothermal, wind, ocean thermal, tidal, hydroelectric, etc., are

pollution-free. We have almost saturated the hydroelectric input.
Geothermal is seemingly a viable option for some limited number of
regions, but there is the problem of environmental effects about which
we know almost nothing, and as always, the matter of the loss of current
through transmission over distances. Wind, ocean thermal, and tidal
generation are again rather regional and of less magnitude than needed.
Solar generation seemingly is a truly viable option for certain special
purposes such as home heating and cooling, but there are constraints as
well. How many of us have the additional capital to put solar devices into
our existing homes or into new homes? Solar generation cannot do now
the task required of central station power. Therefore realistically, if
there is to be a major impact on our current energy situation, ways must
be found through aggressive research and development and political
charisma to change the social structure to accommodate the changes
required. Otherwise, we will have to wait for one to two decades before
any major impact from solar generation is likely. ERDA will push
aggressively on all alternate sources of energy, but as I have said earlier,

we must be rather pragmatic. There have been some who would push to
go directly to the fusion process. However desirable that might be, I
believe it would be less than realistic to abandon the only sources (coal
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and nuclear power) we have at this time that can produce the energy we
need. We must use these; we must conserve energy wherever possible
even when it hurts; we must dedicate ourselves to a Vigorous environmental and safety program to insure that those which are available to us
are used cleanly and safely, and that those which may become available
are developed so as to protect, preserve, and enhance the quality of the
environment in which we live.
These same basic matters, protection, preservation, and enhancement of environmental quality, are those that have brought you
here to consider the future of these ve Great Lakes which constitute the
largest single source of fresh water in the world water for drinking, for
cooling, for industrial processes, for shing, for a tourist industry, and as
a major shipping route for products bound for foreign ports.
On the surface one would be led to conclude that all is right
with the world and the environment is clean and healthy. Yet those of us
here know that is not the case, and that the lakes are constantly
undergoing change. Until recently, we had not begun to do the broad
gauge research needed to tell us what changes are taking place, and when

and how these may be predicted. It seems fairly clear to us in ERDA that
the growth in the regions surrounding the Great Lakes is not likely to

diminish, and that more energy, much in the form of electrical power, is

needed to sustain the quality of life that will be demanded. Such a
demand, in the short run, must come from fossil-fueled or nuclear-powered steam electric plants. It seems to me there are two kinds of possible
problems to which we need to be alerted. One group concerns effects that
may occur in the immediate vicinity of the power plant itself: thermal
effects, fogging, cooling tower effects, etc. These, of course, can be

measured with some reasonable accuracy because we have gained considerable experience over the past decade. Being able to measure the
effects, however, does not even begin to prepare us to predict what the

long range consequences may be; so that we must be constantly alert to

trends over longer periods of time. These trends, if heeded, can help us
avert major disasters later on.
The other group of problems are those that could arise from
ef uents from the energy producing systems that become scattered over
a whole lake basin or over all the lakes. The questions go something like
this: Will the energy ef uents which are introduced intensify the normal
processes which take place in the lakes? Will they in some way tend to
offset the controls that are imposed on other industries, or if the other
industries are not controlled, will the energy and industrial ef uents act
synergistically? Will the Whole ecosystem respond quite differently than
a small segment of it?
The sort of question, it seems to me, that ERDA must be

prepared to answer then is: Will siting of multiple plants, either fossil or
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nuclear, have such profound effects upon this mixed culture (which is a
lake) that major changes will occur? We simply cannot afford to take the
chance. Therefore, the purpose of the intensi ed research of these bodies
of water from ERDA s standpoint is to develop the capability to deter
mine and control effectively the environmental and health insults and
bene ts derived from the energy-producing systems. We need to have
the technical and scienti c basis for protecting the whole lake system.
Do not misunderstand me. ERDA has no unique authority or capability to tackle this problem alone, and it does not wish to
do so. This, the second conference by representatives of the federal
agencies, aims precisely at evaluating the current status and future
needs of research on the lakes, particularly as related to assessment of
effects of energy conversion and utilization in these waters. I feel certain
that your shirt sleeve deliberations over the next few days, as you look at
sources of ef uents and the pathways by which they are transported, will
be bene cial to all. The problems which confront us, however, are of no

small dimension and are of such a degree of urgency that we cannot
afford to spend all of our time in discussion.
Clearly no one can be against coordination and cooperation,
but I wonder if this is enough. Ecosystems are intricate in design and
sensitive in response to insult. Yet, at the same time, provided there is

time, they are resilient. If we are to begin to unravel the complexities of
the environmental problems that arise we must not only talk together,
we must join together in actual experiments, in their design and execu
tion. We must bring to bear almost every scienti c and engineering
discipline known; we must see to the interaction of these disciplines; and
we must work according to a coherent plan and toward a common goal if
we are to succeed. This common goal from our sel sh scienti c view (and
I am sure that few of us here have only that as a goal) is to discover the
basic underlying facts. If we are going to do something with those facts in
terms of changing the way things are done and thereby reduce the health
and environmental impacts, we must take an additional step. We must
work with the leaders of our society, local, state, regional and national,
to see that knowledge we gain is used to implement change.
I am sure the meeting here at Argonne will show us how to
work together more effectively, and I am equally certain you will
conclude that more resources are needed to do that work. Perhaps among
all the agencies we can begin to approach that need, but I will predict that
not all of the funds we would like to have will be forthcoming against the
time schedules in which we feel we need it. Because this is true, we

should try very hard to insure during these days of relative ease as we sit
here in Argonne, that we are working on the top priority problems and
not merely those which are fun to pursue. Science should be a work horse
of man, not man s own hobby horse, states one of our leading Congress-
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men, who controls many of the purse strings to the federal coffers. Let
me repeat then that I hope you will look hard at the top priority
problems, since the survival of these Great Lakes as we know them may
well rest directly in your hands. Use them well.
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Introduction
Panel on Environmental Impact
Assessment
Philip F. Gustafson
Environmental Statement Project, Argonne National Laboratory,
Argonne, Illinois
The general theme for the Second Interagency Committee
on Marine Science and Engineering (ICMSE) Conference

on the Great Lakes was the current status of, and future needs for,

research related to the assessment of the impact of increased energy
conversion upon the Great Lakes. In keeping with this theme, the
plenary session was structured around the subject of environmental
impact assessment. Although concern for the environmental consequences of various human activities has been growing for a number of
years in all segments of our society, formal consideration of the possible
environmental impacts of major federal actions became mandatory under
the National Environmental Policy Act of 1969 (NEPA). Since that time
similar legislation has been enacted that effects a response at the state
and local level. All legislation requiring environmental impact assessment
has a good bit of commonality in its intent, and each affords, at least

indirectly, an opportunity to determine the need for further research in
the environmental area. Each agency which must prepare an environmental impact statement has a different approach to its preparation, and
of course each agency has its own mandate or charter as to what it must
protect, what it can promote, or what it is authorized to regulate in the
interest of environmental protection. In all cases, however, some at-

tempt is made to predict or forecast the probable environmental effects
of a given action. The spectrum of actions covered by NEPA is very
broad, as are the attendant environmental impacts. Such predictions are
based on present scienti c knowledge, primarily hard research data,
which applies to the case in question. Sometimes these data are speci c to

I Z,
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a site or locale; more often information has been derived elsewhere, yet

can be reasonably translated to the site under consideration. The trick is
to condense and apply available information which bears on the question.
In a strict sense, a focused application of past research is involved, since
the time constraints on making an assessment do not permit conducting
much, if any, additional research.

The assessment process is hence a user of the results of
completed research. The process is also evolving into an effective means

for determining the usefulness (relevance) of research in a practical

sense, and for identifying areas where further, or indeed new, research
is necessary to support the predictive capability. Under N EPA the
assessment of environmental impact also involves an examination of the
alternatives to the proposed action (including not taking it), and a
balancing of the bene ts to be derived against the environmental, eco
nomic, and social costs.

There is no easy solution to the con ict between what we call
progress and the protection of environmental factors. Nor have we
shown any particular expertise, as a nation, toward solving this problem.
The stated national goals of achieving both some signi cant measure of
energy self suf ciency and the preservation of environmental quality
only highlight the con ict. To assure any real chance of success in
choosing the best balance between increased energy production and
environmental protection it is rst necessary to determine the amount of
useful knowledge now available and what further research is necessary.
A few words of caution are in order in regard to further research. There
is the everpresent tendency to conduct more research for its own sake.
Time and resources, both monetary and in terms of trained personnel,
will not permit this. Reasonably sound answers are needed now or in the
very near future. It is the intent of this conference to help point the way
to achieving this position.
The Great Lakes region represents a suitable system in

which to make such a determination from_several aspects. The Great
Lakes comprise a priceless multipurpose resource for both the United
States and Canada. Principal among their resource attributes are fresh
water for domestic and industrial use, transportation, cooling capacity
for steam electric power generation, sheries, and recreation. Management of these resources is presently divided among many federal, state
(provincial), and local agencies. For the purposes of this conference the
views of ve parties concerned with environmental management, most
particularly environmental impact assessment, are presented on the
following pages.* These parties represent the overall US. federal gov-

*The presentations made at the Plenary Session were made orally with no written text
required. Hence, the style is somewhat more exible and uid than might have otherwise
been the case.
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ernment view, the state (Michigan), industry (Commonwealth Edison),
and nuclear regulatory (US. Nuclear Regulatory Commission) views,

and the Council on Environmental Quality overview.
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The Role of the Federal Government
in Environmental Impact Assessment
Caldwell D. Meyers
Consultant to the Environmental Statement Project, Argonne
National Laboratory, Argonne, Illinois
In a sense, my remarks are directed to the federal government, rather than coming from the federal government.
The topic I have been requested to address is the role of the federal
government in environmental impact assessment. My purpose is to
discuss a philosophical posture and then to suggest a possible framework
from which the government should operate to improve its guidance, not
only in assessing environmental effects but in developing the technical
base from which environmental decisions are made.
By way of introductory comments I would like to say, rst of
all, that I believe the federal role should be largely coordinative. Federal
agencies should take a lead role in establishing what research is to be
conducted, methods and techniques for its accomplishment, and avenues

for presentation and dissemination of results, but there seems to be clear
danger in having the responsibility for all research in the federal sector.
My second comment relates to this to some extent. It has
become obvious to persons working in environmental areas that environmental problems require an extremely diverse input of both multidisciplinary and intergovernmental expertise from academe, private
research, industry, government, and from the concerned public. The
federal government needs, far more than seems evidenced, help from
these other sectors.
My third introductory comment summarizes the other two
and that is that the Great Lakes, the subject of this ICMSE conference,
are not the sole property of the federal government. This means that, to
me, the most effective role to be played by federal agencies concerned
with the fate of these waters is to encourage solution ofits problems t0
lead rather than preempt.

Role of Federal Government

13

Under current procedures, all the agencies represented here
today have individual legislative mandates that tell them how they may
operate and de ne positions which would produce a desired result. For
instance, there are agencies represented which exist for protection of the
environment, wise use of natural resources such as sh and wildlife,
transportation, energy production, and so forth. Each has a unique goal
for the Great Lakes. The translation of these de ned goals into action
presents a number of problems since goals begin to overlap and con ict.
However, the lake is a multipurpose body of water, and it is important
that we realize its greatest possible potential.
In my view, con icts among goals and agencies can be used to
advantage to produce strong review mechanisms within an agency, to
encourage vigorous outside review, and to provide a system of checks
and balances that prevents a lop-sided use of the lakes. Taking this
stance, the role for all agencies might best be de ned as coordinative,
within the federal system, between states, and between regulators and
the concerned scienti c and lay communities.
What this amounts to if you can visualize a number of
ringmasters in a multiringed circus is that each agency functions as
ringmaster of a speci ed set of rings. Each one is responsible not only for
running his own acts, but for assuring a smooth transition to the other
acts, to produce a well-run show. Now, how can an agency perform this
function? It looks like mass confusion in our circus. I am going to list
some ideas as to how this might be done.
The initial, and perhaps most signi cant, step is development
of a comprehensive master plan which considers the goals of the agency,
in consonance with needs at many levels. From a national standpoint
there must be an enunciation of national needs as expressed through
NEPA, and the Clean Water and Clean Air Acts. Regional or local needs,

the needs of the residents, should be considered as de ned by social
demands and local and regional legislation.
A second factor is the assumption of a strong role in developing and encouraging technical expertise by the federal government. This
begins within the agencies. Agencies involved in environmental assessment of the Great Lakes attempt to develop on their staifs technical
people capable of de ning and solving some of the pressing problems.
These personnel must be able to identify questions and develop answers
to the questions. These same agencies also rely heavily on outside help to
effectively increase the number of people available for solving problems.
This expertise can be secured through grants and contracts with academic and private research institutions. To increase scholarly training for
such expertise, I feel it is extremely important that resources be allocated to institutions and students for training grants, contracts, and

other funding devices.
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The third factor, the development of fundamental data, is
very important. How is this best accomplished? First of all by data
accumulation. Any agency which accumulates either in-house or outside
data should prepare it for dissemination and use as soon as possible.
Secondly, by agency review, interpretation, and where necessary, reinterpretation of data. This can occur several ways, either by using
capabilities within the agency or through the use of outside expertise.
The third step in the development of fundamental data is the recognition
and de nition of data gaps. The last step is the designation of priorities
for the effort and resources to ll those gaps. When they exist, these data
gaps can be lled, once again, through internal research programs within
the agency or with the external expertise. Assignment of priorities is a
highly signi cant step since it maximizes effort by marshaling the capa
bilities of many investigators and invites exploration into new techniques
and methods.
Standardization of techniques and methods, the fourth factor,
may be accomplished both by consensus of experts and by appropriate
research. It is, of course, a goal sought after by many concerned
scientists.
The fth factor is that the pertinent agency act as a clearing
house to make expertise and data available to the community. It is
recognized, I am sure, that any agency has a very strong involvement
when acting as a clearinghouse for a piece of data; this is even more true
when assembling expertise.
The sixth factor is encouraging development of information,
where possible, within the agencies. This occurs through conferences,
workshops, and meetings both within and outside.
The seventh is the encouragement of informational repositories. This consists of printing, publication, dissemination, and storage
of summaries and information useful to environmental impact assessment.

The eighth step might be considered the most important:
review of the master plan. After assembling experts and data, someone
must assess whether the information meets national, regional, or local
needs; review provides this necessary feedback.
Clearly, the national environmental problems so lately recognized, the assessment of damage, and the determination of corrective

measures will require a tremendous expenditure of energy and resources
for a long time to come. To make best possible use of the facilities
available, it is absolutely imperative that federal resource agencies
exhibit leadership and ingenuity in group problem-solving through purposeful, ef cient research and information gathering. The role of coordinator is not extremely rewarding; on the contrary, it is a dif cult and
frequently thankless task, but it is a position permitting us to be most
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responsive to the environmental needs that we now recognize on a
national, regional, and local scale. It is a role that necessitates very

strong assistance from outside and emphatically depends on recognized
inside mechanisms for review to implement these most signi cant measures toward protection and wise use of the resources around us.
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Impact Statements and a Scheme to
Protect Biological Integrity on a
Waterbody-Wide Basis
Carlos M. Fetterolf, Jr.
Chief Environmental Scientist, Bureau of Water Management,
Michigan Department of Natural Resources, Lansing, Michigan*
The title of my presentation on the program, Views of
State Government in Regard to Environmental Impact
Assessment, provides suf cient latitude to do just about anything I
want, and I cannot let this opportunity pass to change the title and
discuss broad applications of impact statements and a scheme to incorporate their information into a mechanism to protect the biological
integrity of a waterbody. I could spend my time telling you at great
length what each state does about impact statements, how they are
reviewed, and how decisions are reached. This would hardly be innovative, and perhaps a waste of your time. I think what the states want from

impact statements and what we all hope to nd in impact statements will
come out in the conference summary.

As aquatic resource managers, advisors, and decision makers,
do you ever have a recurring nightmare in which you ve been assigned to
study traf c patterns at a very busy intersection and to devise and
implement a control program that will satisfy truckers, motorcyclists,
pedestrians, local drivers, cross-country drivers, and so on? To study the

situation you provide guidelines to the various user groups which report
back to you (but you re not really sure the guidelines are appropriate).
After studying their voluminous reports (but you re not sure of their
analysis or interpretation) you reach a decision (but you re not sure the
decision is the one which is really equitable for every interest). The
climax of the nightmare occurs when you mount your control platform
*Presently at Great Lakes Fishery Commission, Ann Arbor, Michigan.
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(which is located on the periphery of the intersection) on a very foggy
night to implement your decision. You wave your arms frantically and
scream torrents of directions, but the drivers eyes are glazed over with
self-interest and then you suddenly realize that no one is listening.
Collision courses are very apparent to you but the drivers seem oblivious
as they inexorably move forward. If you re lucky, the alarm clock rings
and your nightmare ends at this point. You escape into a quiet day of
shuf ing papers and modifying decisions in the of ce. If you re unlucky
you awake with a start at three in the morning to spend the rest of the
night tfully plugging in bits and pieces of the traf c control puzzle to the
computer which is your brain. The computer buzzes, clicks, spins, and
consistently, ever so consistently, ashes its conclusion insuf cient
information for meaningful answer.
Perhaps I have stretched your imagination too far in making
this analogy to energy-related problems in management of aquatic resources of the Great Lakes. But if you haven t had bad dreams about
grasping solutions to energy-related problems, my conclusion is simply
that you don t have much responsibility for reaching those decisions. It
has been said that we are practicing environmentalists, that we just let
things go ahead, see what happens, and then make decisions afterwards.
How can we reach decisions in advance, decisions which we are reason-

ably sure are safe for the biological system?
Rather than commenting on the panorama of energy-related
environmental problems including offshore drilling, air quality, transmission lines, and shoreline use, I m going to concentrate on water and
chronicle some past, present, and future happenings and ideas related to
environmental impact decisions. You will, hopefully, gain some enthusiasm for a scheme which a small core of scientists believes to be a logical,
biologically-sound way to limit the loss of biological value on a waterbody
or waterbody segment to that which will maintain and protect the
biological integrity (aquatic system structure and function) in line with
management objectives.
First, what s wrong with our approach to limiting effects of
discharges, all types of discharges, at the moment? Initially, we propose
and even operate under a series of arbitrary constraints without rst
establishing the necessity of these constraints. We know they are expensive, but do not know if they are ecologically sound. Take, for
example, the 1° F above ambient limit on thermal loads at the point of

discharge. This was proposed jointly by Carl Klein of EPA and Leslie
Glasgow of Interior. My diary shows that Klein left EPA four months
after pushing that idea, with Glasgow leaving within the year. There was
a brief, hard sell, but no one was buying.
Second, three hundred feet from the point of discharge, the
temperature should be 5 3° F above ambient. Why? This was a New

18

Carlos M. Fetterolf

York State proposal. I don t believe there was a biological reason for this
limitation, but it certainly was and still is a challenge to design engineers.
I recall one engineer exulting in a paper how he had met the challenge.
There was no consideration of how to intake or discharge in the manner
most compatible with the ecosystem, just consideration of how to meet
the standard at the least cost.
Third, limit the discharge of waste heat to the lake in terms of
BTU s per unit of shoreline. This sounds plausible until you realize that
tributary rivers have A T s 20°F above the lake during the spring months,
and few identify them as biological threats. This idea also loses some
credibility when one considers the Ludington pumped storage discharge
of 60,000 plus cubic feet a second at only one to two degrees warmer than
the lake. That s a lot of BTU s, and on occasion upwellings in the
Ludington area will result in discharge temperatures 20°F above ambient, or more. Is this a biological threat?
Finally, the requirement for cooling towers on open lake
discharges. This was the thrust of the Lake Michigan Enforcement
Conference in the early 1970s. The notion seemed to be that we should
expend resources to build towers and not use the lake as a heat sink. Five
hundred people attended these meetings. Television cameras rolled. During executive sessions, reporters held their ears to the doors and they
screamed questions at the participants when the sessions ended. The
question was whether to build cooling towers or not. There was no clear
answer. Public pressure generated at these conferences resulted in
moratoriums on new construction in some states.
Saul Berstein, Wisconsin Electric Power, put the problem in
perspective by detailing the ravages of the sea lamprey on Great Lakes
lake trout populations. He cited the budgetary problems of the Great
Lakes Fishery Commission funded by the US. and Canadian governments. Our government couldn t come up with a few hundred thousand
dollars to adequately control a proven, positively devastating problem,
but could ask the utilities to spend millions to combat the unproven
problem, perhaps the non-problem of thermal discharges. EPA made
heat the cause ce lébre and millions of dollars were spent on studying
thermal discharges, but next to nothing was spent on related problems of
cooling water use such as the death of millions of sh larvae passed
through the plant.
My point is that any limits we set at present are arti ces.
Can t we come up with a scienti cally defensible approach to environmental protection in the near future? What is needed are procedural
standards, speci c to management objectives at each site, de ned after
consideration of the combined effects of other dischargers and water
users on the waterbody.
I think sections 316(a) and 316(b) of Public Law 92-500, the
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Federal Water Quality Act Amendments of 1972, offer a real start
towards solution. Section 316(a) calls for the installation of something

more than once-through cooling at a power plant unless the discharger
can demonstrate that protection of the balanced indigenous community of
organisms is assured without additional controls. Section 316(b) says that
use of the lake water for cooling must be accomplished using the best
available technology. This involves further demonstration by the discharger. Section 316(a) applies only to existing plants of over 500 MW(e),
and older facilities may be exempted, so unfortunately we re not going to
get discharge effect demonstrations at all plants. I m sorry EPA mi
tigated that requirement, because I think we could have accumulated the
demonstrated effects and produced some positive recommendations for
thermal regulation. The 316(b) demonstrations will be done by all plants,
and I think the cumulative information will lead us to some conclusions.
Impact statements are required for many new power generation facilities under NE PA. The Nuclear Regulatory Commission (NRC)
is required to prepare an environmental impact statement for all nuclear
plants. A very fortunate thing happened about two months ago: EPA,
NRC, and some of the ERDA people met to meld the requirements for
impact statements in concert with 316(a) and (b) demonstrations, hope

fully to shorten the time between conceptualization of the plant and the
production of power. Combined agency guidelines are going to come out,
and they should be pretty good.
Many of you have seen EPA s draft 316 guidelines for demonstrations issued for public comment early in 1974 and for interagency
comment in late 1974. They were good and are improving with the
inclusion of comments. They include detailed guidelines for biological,
chemical, and physical data collections. The major fault is that the
emphasis is on interpretation of on site effects. This is only one part of
the consideration in my view. The major problem is consideration of
site-speci c effects in combination with cumulative effects due to other
facilities on the same river or lake. As these demonstrations are completed, decisions should be made on the effects on the entire water body

in question, not based on data from a single plant. A forum of interstate,
federal, and international scope must be established to make such deci-

sions in the case of the Great Lakes. I believe that the institutional
framework for such a forum is provided by the International Joint
Commission and might also include the Great Lakes Fishery Commission. It is within such established international forums where cumulative
data can be assessed and where, I think, logical decisions can be reached
on waterbody wide management schemes. The Water Quality Objectives
Subcommittee5 of the International Joint Commission will propose such
assessment at the Commission s annual meeting next month.
The Water Quality Objectives Subcommittee (WQOS), of
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which I am chairman, is recommending limiting the effects of mixing
zones on the basis of allocation of biological value. To grasp the relationship of mixing zones to this limitation mechanism you must think
along the same lines that WQOS did. We were working with the Canada-US. Water Quality Agreement and we rst established basic guidelines of understanding.
(1) Water quality objectives describe, in part, a minimum
quality of water which will not only provide for but protect any designated use.
(2) Establishment of water quality objectives for a body of
water is meaningless without de ned limits on the in uence of mixing
zones, because the mixing zone is de ned as an area contiguous to a point
source where exceptions to water quality standards and conditions otherwise applicable to the receiving waterbody may be granted. If you
don t limit these areas, it s obvious that loss of biological integrity is
inevitable. Although the de nition states that exceptions may be
granted, it is imprudent to provide blanket exemptions from all water
quality standards Within mixing zones. Therefore, exemptions should be
at the discretion of the regulatory authority on the basis of local condi
tions.
(3) Speci c water quality objectives and conditions applic
able to the receiving waterbody should be met at the boundary of mixing
zones. It is important to recognize that this concept allows the plume of
the discharge to be identi ed outside the mixing zone. It does not limit
the extent of the plume, only that portion of the plume which does not
meet water quality objectives.
(4) Limitations on mixing zones should be established by the
responsible regulatory agency on a case-by case basis, where case refers
to both local considerations and the waterbody as a whole, or a segment
of the waterbody.
(5) Mixing zones by de nition represent a loss of value.
Because water quality standards de ne minimum conditions to provide
for and protect a use, and because exemptions to standards may be
granted within mixing zones, it is apparent that certain values are lost.
There is a gradation of value loss from the highest concentrations of the
critical constituents at the end of the pipe to the lowest at the edge of the
mixing zone. Mixing zones may increase recreation potential or production of desirable organisms in some instances and losses may be only
seasonal. However, in allocation of loss of biological value it may be
assumed that areas within mixing zones represent a potential total loss of
the most sensitive value identi ed as being affected adversely.
(6) The acceptable size of a mixing zone is xed by its impact
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on biological value and ecosystem function rather than by some prede
termined physical limit.*
The concepts and guidelines included in this article
evolved from the sections on mixing zones in Report of the Committee on Water Quality Criteria (the Green Book ) and in Water
Quality Criteria 19722 (the Blue Book ), a paper by Fetterolf,1 and the
thinking of the Water Quality Objectives Subcommittee. The succeeding
allocation of biological value scheme is an outgrowth of the above
publications and is drawn almost verbatim from the report of the Water
Quality Objectives Subcommittee;3 It is a modi cation of a similar
scheme by USEPA scientists and engineers at Duluth and Corvallis.4
There is a nite limit to encroachment on areas of biological
value such as sh spawning sites, nursery areas, food production areas,
and living space before ecosystem imbalance and ultimate collapse of
populations occur. To protect against imbalance and collapse, a mechanism to restrict the encroachment and subsequent loss of biological value
is essential. Given the above six guidelines of understanding, such a
mechanism is provided by the framework outlined below. Implementa
tion requires a high degree of international and interstate cooperation,
and the rst reaction of some agencies may be to dismiss it as too
complicated. Of those who have this reaction, I ask, what other scientifically justi able alternative do we have? The method is simplistic when
compared to the complexity of the ecosystem.
(1) Agreement on the Biological Uses and Other Uses to Be
Protected
The acceptable limits to loss of biological value will vary with
the biota to be protected, the biological replacement potential of the
waterbody or segment thereof, and/or the management objectives of the
governing jurisdictions. Restrictions, allowances, and management objectives established by one regulatory agency can affect the resource
value in the portion of the waterbody governed by another. Therefore,
cooperative de nition and agreement on management objectives and uses
to be protected are essential to ensure that limitations and management
programs will be directed toward the same goal.
(2) Identi cation of Important Species
Within each ecosystem many species may be important for a
variety of reasons: for sport shing, for commercial shing, as a food
chain organism to support sport or commercial species, or for normal
community function and ecosystem maintenance, etc. Designing a mechanism to protect every species could be an in nite job. There are logical
reasons to assume that the important species are identi able, and if the
*Other mixing zone guidelines which re ect good water management principles are pro
vided at the end of this article.
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limitation mechanism is designed for their protection, then other species
of lesser ecological importance will be protected and management objec
tives, will be achieved.

At the lower trophic levels it may be impossible to select the
important species, and protection of the trophic level community may be
necessary.
(3) Selection of representative important species whose
protection assures protection of the ecosystem to support the manage
ment objective.

Many of the important species have habits or life history
requirements which are suf ciently similar so that conditions assuring
the natural completion of the life cycle of a representative species assure
protection to the species with similar requirements.
(4) Biological mapping of the waterbody, supported by
chemical and physical mapping, including mapping of transport mecha
nisms, to establish biotic zones of the important species or representative
important species.

Much of this information is available in published literature
and in unpublished materials of various natural resources management
agencies. However, it has not been assembled in such a manner that the
location and areal extent of biotic zones are known for an entire water
body. Such a map, or series of maps on a seasonal basis, would immedi
ately identify areas important to ecosystem maintenance and also provide
insight into availability of habitat which is limiting to management
objectives by its scarcity.
This map can help dischargers and regulatory agencies select
locations for, con gurations of, and conditions within mixing zones that
minimize loss of biological value. An example of site-selection aid occurred in the St. Clair River where a consultant for a power company
demonstrated a great difference in the numbers of sh fry on opposite
sides of the river.
(5) Assignment of Numerical Value to the Biotic Zones
It is obvious that certain areas within a waterbody have
higher biological value than others. Generally, an acre of spawning
ground has a higher biological value than an area of off-shore living area.
The beach zone of a rocky protected bay may be very productive, but a
sandy, wind-swept exposed beach zone may be very unproductive. The
mouth of a spawning stream may be extremely valuable, but the current swept, deep navigation channel of large rivers is probably of less
value.
Recreational use of nearshore waters can also be included in
assigning biological value.
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signed as:

In a well known ecosystem, biological values could be as-

Open water greater than 100 feet deep
Exposed sandy shores to 20 feet deep
Waters between 20 100 feet deep high in food
production
Protected rocky shores
Nursery areas
Spawning grounds
Unique spawning ground

1
2
3
5
7
10
In nite

It may be that mixing zones should not be permitted in unique
spawning grounds and other areas of extreme biological value.
Common sense indicates that mixing zones should be located
in the less valuable biotic zones, or biotic zones which are not limiting to
productivity. Assignment of value encourages dischargers to locate in
areas least likely to be damaged.
(6) Selection of a Level of Protection for the Waterbody or
Segment
The nature of the ecosystem and the management objectives
are primary factors in determining the level of protection necessary.
Fragile ecosystems with low productivity require a high level of protection; perhaps only one percent of biological value should be assigned to
mixing zones. For ecosystems with high capacity for regeneration and
ability to withstand insults, a lower level of protection would be permissible; perhaps from 4 to 8 percent of the biological value could be
assigned to mixing zones.
(7) Calculation of Available Biological Value for Allocation
Once the level of protection is decided, biological values
established, and areal extent of biotic zones known, the value available
for allocation can be determined. While limitation is decided on loss of
biological value, size is also related. For physical reasons, a large volume
discharge should receive a larger mixing zone than a low volume discharge. However, mixing zones should notbe considered a substitute for
adequate waste treatment or control of contaminants at their source, nor
should their conditions of establishment encourage excessive use of
water for dilution.
The permissible size depends on the availability of area within
a biotic zone. The larger the zone and the lower its biotic value, the

greater may be the size of the mixing zone. The acceptable size for a
mixing zone depends also on the number of mixing zones in a waterbody
or segment of biotic zone. The greater the number, the smaller each must
be if the limit for allocation of biological value is not to be exceeded.
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If a given discharger was allocated a biological value of x
units, the size of mixing zone could be 1000 acres in a biotic zone of value
1, or 500 acres in a biotic zone of value 2, or 143 acres in a biotic zone of
value 7, or zero in a biotic zone of in nite value.

(8) Allocation to Present Dischargers and Reservation for
Future Dischargers
By comparison of loss of biological value in existing mixing
zones with the biological value available for allocation, the regulatory
authority will learn either that there is a major reserve for future use,
that the allocation has already been exceeded, or that the situation rests
somewhere in between. On the basis of this information the fraction of
biological value to be allocated to present dischargers and that reserved
for future dischargers must be decided. In reaching a decision, available
projections on future municipal-industrial growth can be evaluated to
estimate the potential need for future mixing zones. The planned plant

closures due to obsolescence, and the trend toward more ef cient use of

industrial waters and advances in waste treatment technology should be
considered.
Plume Rose Concept

Under the fairly uniform conditions found in connecting
channels of the Great Lakes, establishment of xed points to designate
mixing zones is relatively simple. Along shorelines where plume directions and con guration vary greatly with wind and current conditions,
establishment of a biologically defensible boundary is more difficult. A
semi circle or rectangle may be appropriate. However, one purpose of
establishing mixing zones is to limit their biological effect. Since speci c
water quality objectives are based on chronic effects of exposure, it is
probable that a location impacted only brie y or occasionally by water
quality slightly less than objectives require will not have a measurable
biological effect.
The vectors of wind, currents, and discharge inertia produce

plume behavior that can be mapped over a time as a plume rose. Within a
plume rose, mixing zone boundaries can be established which re ect the
plume rose shape. Mathematical models to develop mixing zone boundaries based on presence of water quality below objectives 20% or more of
the time may delineate the boundary of biological effect. If suf cient eld
measurements were made by the discharger and regulatory agency to
verify the model, and changes did not occur in quality, quantity, or mode
of discharge, there would be little need for regular eld monitoring to
determine if the discharger was in compliance with the mixing zone
boundary.
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Conclusions

Given the above information, a formula*1 can be applied to
provide scienti cally-defensible mixing zone limitations on individual
discharges and all discharges in combination on a waterbody or segment.
This framework of guidelines and concepts can produce a mechanism

acceptable to the governments, industries, and people Which will protect
and secure the bene cial uses of the waters of the Great Lakes for
succeeding generations. I believe that the longstanding knowledge that
we must manage each waterbody as a single ecosystem is receiving
increased recognition by jurisdictions which share management responsibilities on individual waterbodies. We can no longer afford autocratic
management on shared aquatic resources by individual jurisdictions. I
believe the jurisdictions recognize the need for a uni ed approach. I
further believe that the institutional arrangement of the International
Joint Commission and the Great Lakes Fishery Commission provide the
forums necessary for re nement and further development of the pro
posed mechanism.*
Mixing Zone Guidelines

In addition to the mixing zone concepts presented earlier,
which were established for understanding of the biological allocation
scheme, the Water Quality Objectives Subcommittee5 developed the
following guidelines:
(1)

Conditions within mixing zones should be aesthetically

acceptable by being free of:
(a) objectionable deposits,
(b) unsightly or deleterious amounts of otsam, debris,

oil, scum, and other oating matter,

(c) substances producing objectionable color, odor,

taste, or turbidity, and

(d) substances and conditions or combinations thereof at
levels which produce aquatic life in nuisance quantities that interfere
with other uses.
(2) No conditions within the mixing zone should be permitted
which are either
(a) rapidly lethal to important aquatic life (conditions
*At their annual meeting in June 1975, the International Joint Commission encouraged the
Water Quality Board, through their Water Quality Objectives Subcommittee, to pursue
further development of the biological value allocation scheme to limit loss of biological
value.
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which result in sudden sh kills and mortality of organisms passing
through the mixing zone), or
(b) which cause irreversible responses which could re-

sult in detrimental post-exposure effects, or

(c) which result in accumulations in organisms of toxic
materials which are harmful to the organism or to its consumers.

(3) Concentrations of toxic materials at any point in the
mixing zone where important species are physically capable of residing
should not exceed the 24 to 96 hour LCW.
(4) When designing conditions to protect specific organisms
it is necessary to know that the organisms would normally inhabit the
area within the mixing zone. Zones of passage should be assured either
by location or design or conditions within mixing zones. Mixing zones
should not form a barrier to migratory routes of aquatic species or
interfere with biological communities or populations of important species
to a degree which is damaging to the ecosystem, or diminish other
bene cial uses disproportionately.
(5) Mixing zones may overlap unless the combined effects
exceed the conditions set forth in other guidelines.
(6) Municipal and other water supply intakes and recreational areas should not be in mixing zones as a general condition, but local
knowledge of the ef uent characteristics and the type of discharge
associated with the zone could allow such a mixture of uses.
(7) Areas of extraordinary value may be designated offlimits for mixing zones.
(8) The size, shape, and exact location of a mixing zone
should be speci ed so that both the discharger and the regulatory agency
know the bounds.
(9) Existing biological, chemical, physical, and hydrological
conditions should be known when considering location of a new mixing
zone or limitations on an existing one.
References

1. M. Fetterolf, Jr., Mixing zone concepts, In Biological Methods for
the Assessment of Water Quality, ASTM STP 528, American Soci
ety for Testing and Materials, pp. 31445, 1973.
2. NAS/NAE, Water quality criteria 1972, National Academy of
Sciences, National Academy of Engineering, US. Environmental
Protection Agency, Ecological Research Series, EPA-R3 73 033,
Superintendent of Documents, Washington, D.C., 594 pp., 1974.

3. U.S.D.I., Water quality criteria: Report of the National Technical
Advisory Committee to the Secretary of the Interior, Federal Water

EIS and Protection of Biological Integrity

27

Pollution Control Administration, Superintendent of Documents,
Washington, DC, 234 pp., 1968.
. US. EPA Draft 316(a) technical guidelines thermal discharges,
September 30, 1974. Water Planning Division Of ce of Water and
Hazardous

Materials, US.

Washington, DC, 1974.

Environmental

Protection Agency,

. WQOS, Great Lakes Water Quality Third Annual Report, Appendix
A, Annual Report of the Water Quality Objectives Subcommittee to
the Implementation Committee, Great Lakes Water Quality Board,
June 1975. International Joint Commission, Great Lakes Regional
Of ce, Windsor, Ontario, 239 pp., 1975.

28

A. David Rossin

Industry View of Environmental
Impact Assessment
A. David Rossin

Commonwealth Edison Company, Chicago, Illinois
t s always a pleasure for me to come back to Argonne
because I worked here for about 15 years, and I feel I

established my credentials in research and environmental work as an

Argonne employee. My af liation over the last 2V2 years with electric
utilities hasn t cost me my objectivity, although I know it has cost me my
credibility in some forms, because as soon as my af liation is identi ed
there is a kind of change in vibration. Members of industry very often
nd themselves on the defense in forums like this and public ones; but I
don t really have the time to be on the defensive here, and I don t really
think that you have the time to listen to that speech.
One of the basic problems I see is the lack of willingness on
the part of the federal agencies to point out when Congress in its wisdom
has done something which leads to some serious problems. A famous
historian once said that if 50 thousand Frenchmen do a foolish thing, it is
still a foolish thing; the explanation that Dr. Fetterolf just gave of what
makes sense in designing a water quality management program is precisely the approach that the Water Quality Act Amendments of 1972
rejected out of hand. Part of our basic problem and part of the problem
the industry has been struggling with for the last three years is how to
plan the construction, and perhaps the back tting, of extremely expensive facilities, all of which the public has to pay for, in response to an
illogical set of regulatory requirements. That is the basic concept of the
Water Quality Act Amendments of 1972, and speci cally, I mean the
concept of zero discharge and the concept of best available technology,
and the way that they ve been applied in the last few years. I want to
devote most of my remarks to that very subject.
Before I do, let me say something about the site selection
process and how it affects the subject of this meeting. By the time a
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utility makes the tentative decision to develop a site and begins the
extensive eld work necessary for the preparation of the environmental
report, and by the time they commit themselves to writing that environ
mental report, they have done a preliminary evaluation of the site and
perhaps already hired consultants and obtained some consultants reports. The utility does enough preliminary work to have some con dence
that the site will in fact end up being licensable. In other words, when the
environmental review is carried out in conjunction with the application
for an NRC license I m using a nuclear plant in this case, but this may
apply to a fossil plant as well by the time the Commission prepares the
environmental impact statement and hearings are held, the site should in
fact survive that kind of a test and be suitable for licensing. Some of our
critics argue that they don t get into the game early enough, and by the
time the hearings start a lot of decisions have already been made. I nd
this a rather hopeless dilemma if that s really an important thing because
I would feel very upset if I were a regulator and had to start a hearing
and have an applicant come in and say, Well, I haven t really made up
my mind about this yet, we haven t really thought about it, but here s
what we re thinking about it. Unless they ve done their homework,
unless they have documentation on the table for review, I think we re all
wasting quite a bit of time. This brings me to the monitoring itself. The
monitoring efforts concerned with the site provide the kind of documentation for public or regulatory review and the kind of baseline data
suitable for comparison years down the road from when the plant is
actually built, to make possible meaningful analysis. I don t think we are
optimistic enough to think that we will ever be fully satis ed with the
amount of biological data we have to reach meaningful decisions, but one
thing is clear; that is, if we haven t any baseline data to start with, it s
going to be very, very tough to make a meaningful analysis. I was going
to talk a little bit about some of the data requirements of the guidelines
related to social and economic aspects, the need for power, and the
question of alternatives. But that really isn t the focus of this meeting so
I m going to skip that and follow up some of the comments that Dr.
Fetterolf made.
It seems to me and my associates that lots of monitoring data
we report is really for the record. Some of it gets analyzed, but to our
knowledge, the amount of analysis of these data is relatively limited. The
analysis that we do on our own data, or that we pay consultants to do, is
also somewhat limited because of the purposes of the collection of that
data. I think there are two purposes: one is to provide the documentation
required by regulatory guidelines; the other is to permit that amount of
analysis necessary to satisfy those questions which the regulators have to
ask by law.
The data base that these environmental reports provide be-
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comes part of the public record. It goes to the agencies and is available in
public document rooms, and conceivably, it s available to the extent that
copies of the material pile up. We generally have a few copies left over,
but they are expensive. At this stage we don t have tremendous amounts
of data on computer tape in such a form that a researcher can access them
easily, put them on his own computer system, and proceed to conduct any
kind of analysis he wants. The cost of converting these data from the
printed page to a form which a researcher can use can be prohibitive. I
think as time goes on, more and more research will be done in such a way
that data remain relatively accessible at low costs, and to me that opens
up more avenues for analysis. We must encourage these kinds of analy

ses. I believe there is room for very valuable work and I believe that this
is a valid combination of scienti c and programmatic efforts. However,
when one speaks of regional studies it becomes rather absurd to expect
lakewide studies that may require eight or ten years of extensive
research to be part of a single license application. I nd that while these
studies are valuable, there is little justi cation for their accomplishment
for a single application, especially if it becomes evident in review that at
that particular site lakewide problems are nonexistent. Although a
certain amount of professional judgment is necessary in arriving at these
conclusions, it seems that the site speci c work can be handled in one
way, and the lakewide studies can be handled in an entirely different
format, in a professional way that really produces some valid research.
I sympathize with Carlos concern about the audience s familiarity with Sections 316(a) and 316(b). I m going to assume that the

audience is familiar with these sections. I m not as impressed as Carlos is
with the quality of the 316(a) guidance manual largely because of the
tremendous number of comments that came in after the rst draft
manual was published; and it s our understanding that most of these have
been ignored in producing the nal manual. In other words it hasn t been
substantially improved from the earlier versions and there was substantial room for improvement. Let s take a case in point. Take the mixing
zone, for example. I subscribe in general to the points which Carlos just
raised in regard to mixing zones. I think the philosophy is good. That
philosophy is speci cally rejected by the Water Quality Act, and is just
barely available in the 316(a) guidance and in the regulatory guidelines,
as a result of the intense lobbying that salvaged a little bit of that
exibility that the Act itself rejects. It simply rejects the concept of the
mixing zone. The people that wrote the Water Quality Act Amendments
sincerely believe the mixing zone has absolutely no place in our environment; that zero discharge is a realistic goal; that the mixing zone is a
blight on environmental quality. The Act was written with that concept
in mind and it was only altered by the addition of Section 316(a) which
allows, for instance, an open cycle cooling system if it can be shown that
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with that system the balanced, indigenous biota will not be endangered.
The mixing zone itself is a design concept, not a compliance
tool, and those of you who have tried to measure mixing zones know that
it is truly not a compliance tool. The presence in our Technical Speci cations of a requirement that the mixing zone be measured four times a
year is just a total waste of resources as far as I m concerned. It doesn t
do anybody any good; it doesn t prove anything; it can t change anything;
it can t protect the

sh or the larvae or anything else concerned. Mea-

surement of plumes is the kind of scienti c research necessary to develop
a methodology for predicting plumes and for factoring these things into
design so that people can design a good discharge structure suitable for a
particular location.
The 316(b) side of the argument is to the utility industry
biggest time bomb of all. Simply stated, 316(b) is the
the
perhaps
requirement that intake structures must conform to the best available
technology. I think anybody designing a new power plant for any location
knows that he is going to have to do some extensive studies to justify the
engineering features of the intake structure. But the fact is that the EPA
in its implementation of the Water Quality Act Guidelines has come to the
conclusion that Section 316(b) can be interpreted to mean that despite the
fact that a once-through cooling system survives the 316(a) test, in other
words doesn t do any damage to aquatic life, that s not a valid demon
stration. This is a simplistic de nition, because of the fact that the
applicant can be ordered to put in cooling towers if his intake structure is
not the best available technology. This is because the amount of water
taken in is far greater for once-through than it is for the cooling towers,
and there will be greater entrainment and impingement as a result. A
year ago, when we were debating the guidelines that were applied to
these provisions with EPA, the logic of this argument was debated
intensively and, at least it seemed to me, many of the people with whom
we discussed this within EPA came to the same conclusion as we did.
That is, if the cooling system were environmentally acceptable, there is
no reason for arti cially demanding that it be changed because 316(b) said
best available technology; EPA Wishes to interpret best available
technology to mean minimum amount of water taken in the intake
structure. This is not technically sound.
We are concerned because the time bomb is ticking and in fact,
in Region II (the New York Region), EPA recently sent a letter to the
utilities there which said, We see no reason for you to continue your
316(a) biological monitoring studies on ve Hudson River plants because
it is clear to us that you will have to back t cooling towers to these plants
because of section 316(b). This is the kind of thinking that might have
taken place with a clear conscience back when we were a wealthy
country. We are not a wealthy country now. Even before the 316(b)
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hassle, I had the interesting experience of sitting in on a meeting of
several utility presidents and Russell Train, John Quarles, and some of
the Division Directors of EPA. The President of Consolidated Edison,
who owned the Indian Point plants, said Mr. Train, if you order us to
back t cooling towers at Indian Point we will not do so, because we
cannot afford it, and then a couple of months later he sold those plants to
the Power Authority of the State of New York. I seriously doubt that the
State of New York will consider erecting cooling towers at Indian Point
no matter what the federal government says especially since it is
unlikely that a case can be made for it. This site has been reviewed
through environmental impact statements and public hearings, and evidence has not been provided that indicates that cooling towers are
required at Indian Point. In fact, the basic problem with the Water
Quality Act is that it rejects the philosophy of the National Environmental Policy Act, and it rejects it speci cally by saying that we will not
balance the bene ts against the costs of what we have to do to meet the
requirements of the Water Quality Act. That is why my question about
changes in legislation was directed to Dr. Liverman this morning. That is
why the possibility of mid-course correction that is available with the
Water Quality Act is so extremely important to those of us who care
about ourenvironment, and who have some concern about our resources.

This is an act which sounded great; it was passed in the Senate, I think by
a vote of 98 to 2 and yet it contains provisions which make it impossible
for us to do a good job with water quality management.
The message I will leave with you is to follow very closely the
work of the National Quality Water Commission this year. It is their
recommendations which, when passed along to Congress, may in uence
whether or not Congress takes a serious look at the problems related to
the Water Quality Act.
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Assessment of Regional Impacts
William E . Knapp
United States Nuclear Regulatory Commission, Washington, D. C.

The U.S. Nuclear Regulatory Commission (NRC) is responsible, among other things, for regulating the nuclear
in a manner consistent with national environmental goals.
industry
power
These goals, largely set forth by the National Environmental Policy Act
of 1969 (N EPA) (Pub. Law 91 190, 83 Stat 852) and the Federal Water
Pollution Control Act Amendments of 1972 (Pub. Law 92 500, 86 Stat

816), are discussed at length in Regulatory Guide 4.2, entitled Preparation of Environmental Reports for Nuclear Power Plants. This guide is
available upon request from the Nuclear Regulatory Commission.
Unlike the U.S. Energy Research and Development Administration (ERDA) and U.S. Environmental Protection Agency (EPA),
the Nuclear Regulatory Commission does not directly sponsor nor par
ticipate in extensive nonradiological environmental research at this time.
However, NRC Chairman Anders recently announced the establishment
of a new division in the Of ce of Nuclear Regulatory Research called the
Division of Environmental, Fuel Cycle, and Safeguards Research. This
new division will concentrate on environmental problems. Its mission will
include research related to de ning biological and ecological effects of
radioactive, chemical, and thermal discharges; the development of environmental pathways and predictive models; dose conversions and measurements; and the development of cost/bene t and social-value methodologies. Presently, the Commission is involved indirectly in a wide range
of research-related activities through its interactions with the Division of
Biomedical and Environmental Research (DBER) of ERDA. Research
related to nuclear power plants is presently being supported at several
national laboratories, one of which is Argonne National Laboratory.
The Environmental Specialists Branch (ESB) of NRC is expending considerable e 'ort to increase its capability for assessing potential environmental impacts which may result from construction and
operation of nuclear power plants. ESB has initiated several ongoing
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programs directed toward identi cation of speci c geographic regions of
possible environmental impact, emphasizing a regional approach toward
nonradiological environmental monitoring around nuclear power plants.
Much of this effort is directed toward the Great Lakes Region.
Most of the information and data required for assessment of
potential environmental impacts that may result from individual nuclear
power plants is supplied to NRC by electric utilities, as required by Part
51 of Title 10 of the Code of Federal Regulations §§ 51.20 and 51.21, and
described in Regulatory Guide 4.2. The Commission requires each utility
that applies for a Construction Permit and Operating License to submit
an Environmental Report describing the present environment and proposed plant and predicting the potential environmental impacts of the
proposed plant and its associated facilities. Requirements and criteria for
acceptance of Environmental Reports by NRC exert substantial in uence over environmental research conducted in connection with applica
tions for Construction Permits and Operating Licenses. Environmental
Reports are accepted by NRC only if they provide adequate bases for
independent analyses and assessment of potential environmental im
pacts. This assures regulatory approval of the general quality of plantrelated studies. The Commission is presently developing a Regulatory
Guide for the purpose of designating acceptable pre-operational environmental monitoring programs. However, NRC has not yet speci ed
sampling, analytical, statistical, and reporting methodologies to be used
by utilities.
The in uence which NRC exerts on environmental monitoring
programs around individual nuclear power plants increases substantially
at the Operating License stage of the licensing process. Pursuant to
Section 50.50 of 10 CFT 50, each Operating License for a nuclear power
plant must contain such conditions and limitations which the Commission
deems appropriate and necessary to assure compliance with NEPA.
These are incorporated into the Operating License as Environmental
Technical Speci cations (ETS). The primary objectives of the ETS are
to:

(1) assure compliance of plant operations with conditions
and limitations speci ed in the Operating License
(2) provide the comprehensive data base needed to assure
that operation of the plant has a minimal and acceptable impact on the
environment
(3) provide veri cation of the adequacy and accuracy of
predictive techniques used in the independent assessment of potential
environmental impacts conducted by NRC
(4) serve as an early warning system for potential or
emerging problems related to plant operation
(5) contribute to the regional data base needed for assess-
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ment of regionalimpacts which may result from neighboring and newly
proposed nuclear power plants.
To provide guidance for electric utilities, NRC will soon issue
Regulatory Guide 4.8, entitled Guide for the Preparation of Environmental Technical Speci cations for Nuclear Power Plants, which presents a standard format and objectives for ETSs.
Expansion of the nuclear power industry along the shores of
the Great Lakes has reinforced the need for evaluating environmental
impacts on a regional basis. There is an increasing need for sound
environmental monitoring programs which can assess the present condition of the environment and identify short- and long term impacts. The
Environmental Technical Speci cations have become an important vehicle for securing data needed to assess potential environmental impacts
which might result from operation of several nuclear power plants in the
same region. The usefulness of the ETSs depends on the ability to clearly
de ne reasonable objectives of environmental monitoring programs and
to standardize essential components of the ETSs for nuclear power plants
operating in a de ned region. The Environmental Specialists Branch
(ESB) is presently developing criteria for de ning regions, designating
regions of major concern, and identifying environmental stresses within

those regions. Approaches being considered involve zoogeographical and
phytogeographical mapping of major species, and hydrological mapping
of drainage basins.
Standardization is easy to speak of and support; however, it
is dif cult to outline in a precise manner, and even more dif cult to
implement in a practical sense. Standardization of ETSs for nuclear
power plants within a de ned region depends on achieving a high degree
of uniformity in the general environmental surveillance (monitoring)

programs, special study programs, and reporting requirements. A fundamental objective of such programs should be to provide comprehensive
and comparable data for parameters essential to assessment of plantrelated impacts. Collection of data for each environmental parameter
should be justi ed theoretically, technically, and nancially. To this end,
NRC is reviewing existing and proposed ETSs for nuclear power plants
along the Great Lakes. This is a dif cult and time-consuming task and
depends on securing input from individuals and organizations of recognized expertise, such as the participants in the Lake Michigan Cooling
Water Studies Panel. Standardization of ETSs will involve methods used
to collect, analyze, and report environmental data. The design of sampling programs, collecting gear and methods, taxonomic keys, data

processing and analysis techniques, voucher collections (or perhaps archival collections), reporting formats and units, and a system for data
storage and retrieval are a few of the concerns being reviewed.
Standardization of data reporting, storage, and retrieval can
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be facilitated by development of a carefully designed and coordinated
computerized system. The primary objective of such a system should be
to expedite handling, management, and analysis of environmental data
required of operators of nuclear power plants. The system being devel
oped by ESB would substantially reduce the burden on licensees and
regulatory staff responsible for the management and analysis of the
voluminous annual data reports which are submitted on a routine basis.
Computer programs are being developed to expedite and improve analysis of speci c environmental problems of operating plants, with the intent
of assuring compliance with conditions of the license, and to provide
necessary means for assessment of regional impact.
The long-term usefulness of the Commission s efforts to
standardize ETSs for nuclear power plants in a de ned region and to
develop an ef cient means for storage, retrieval, and analysis of data lies
in the ability of these programs to provide meaningful baseline data for
assessing the incremental environmental impacts of proposed nuclear
power plants. Too often in the past, an awareness of problems caused by
pollution in the aquatic environment emerged only after a resource was
damaged or threatened. This unfortunate situation can be avoided if we
strengthen our ability to identify and quantify existing conditions, to
predict expected impacts, and to develop sound environmental management programs. Achieving these objectives depends on a willingness and
ability to coordinate environmental monitoring and reporting programs
so that the utility industry, regulatory agencies, academic institutions,
and concerned scientists and citizens have an adequate and reliable data
base when considering problems and making management decisions.
Hopefully, this Second ICMSE Conference will move us one step closer
to achieving these objectives.
William E. Knapp is currently Power Plant Specialist, US. Fish &
Wildlife Service, 100 Grange Place, Cortland, New York.
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The Environmental Impact

Statement Process from the
Perspective of the Council on

Environmental Quality
Neil Orloif

Council on Environmental Quality, Washington, D. C.
I would like to touch brie y on two subjects. First, what is
the Council on Environmental Quality (CEQ)? Where does
government? How is it organized? What does it do in
federal
the
in
t
it
environmental impact statement process? And sec
the
with
connection
ondly, where does the environmental impact statement process appear to

be going? How is it different today from what it was in 1970? And what
major trends in its evolution can we identify?
What is the Council on Environmental Quality? Basically the
CEQ is a small, advisory organization in the Executive Of ce of the
President. It is headed by three Council members who are nominated by
the President and con rmed by the Senate. Mr. Russell Peterson is the
President s chief advisor on environmental issues and chairman of CEQ.
The other two Council members are Dr. Beatrice Willard and Mr. John
Busterud.
CEQ itself has about 25 professional staff members. The
Council works on a broad range of environmental problems, many of
which may ultimately come to the President s attention. A large portion
of these problems may also involve possible new legislation. In addition,
CEQ devotes about a quarter or a third of its time to the environmental
impact statement process. Here it is engaged in three major activities.
First, CEQ writes the basic rules of the road for the operation
of the environmental impact statement process. As most of you may be
aware, a hierarchy of authority and directives governs the operation of
the environmental impact statement process. One starts with the Na-

+ -
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tional Environmental Policy Act, which most of you probably have seen;
if not, I encourage you to do so. It s only a few pages long, and indeed the
section creating the environmental impact statement process is only
about 200 words long. This is section 102(2)(C), which explains why

people sometimes call environmental impact statements

102

state

ments.

The CEQ Guidelines put esh on the skeleton established by
this §102(2)(C). These are government wide guidelines that answer basic
questions such as who is responsible for preparing environmental impact
statements, what types of projects require statements, What an environmental impact statement should contain, and how the statement
should be used. Beyond the CEQ Guidelines, one has individual federal
agency procedures. These particularize the environmental impact statement process to each federal agency. They de ne in more detail, for
example, the speci c individuals or groups within an agency that may
prepare statements, and the deadlines for completing these statements.
The CEQ Guidelines establish the basic rules for the process, and the

individual agencies tailor this general framework to their speci c programs. (Because some agencies are so large and their programs so
different, it is dif cult on occasion to develop just one set of procedures to
govern all the programs within an agency. Thus, one sometimes nds a
situation such as that which exists in the Department of Transportation,
where there is a set of agency procedures covering all of DOT and
additional, separate sets of procedures which cover the constituent
bureaus such as the Federal Highway Administration, the Federal
Aviation Administration, and the Coast Guard, etc.)
In addition to writing the general guidelines for the EIS
process, CEQ also monitors agency programs. Each of about a half dozen
agency examiners observes the activities of a group of agencies. These
examiners monitor the quality of the environmental impact statements
which their agencies are preparing, assist in the development of agency
procedures, and generally assess how their agencies are carrying out
their responsibilities under NEPA.
The third maj or activity of CEQ in the area of environmental
impact statements is trouble-shooting hot projects. CEQ does not
approve or disapprove projects, because it lacks the authority to do so.
However, it frequently mediates disputes on particularly controversial or
sensitive projects, and occasionally even acts as an advocate in a dispute.
I would like to turn now to the other topic which I have been
asked to address; namely, where does the environmental impact statement process seem to be going? I will avoid any recommendations at this
stage. Rather, I would like to set forth, from my viewpoint, what

appears to be happening.
In looking at the evolution of §102(2)(C), several develop-
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ments appear particularly striking. One is the application of the en
vironmental impact process to new agencies and to dramatically new
types of agency decisions. When NEPA was passed in 1970, no one
clearly knew what it required, or its proper application. Thus, impact
statements were prepared during the rst few years only for projects
that might cause obvious major environmental consequences, such as the
federal construction of dams and the federal licensing of nuclear power
plants. Today, however, the EIS process is being applied to government
actions in which the environmental consequences, while very signi cant,
are also quite subtle. For example, impact statements are being prepared
today by the ICC on proposed railroad freight rate increases. We re also
seeing impact statements prepared on weather modi cation projects, the
US. negotiating options on international treaties, such as those connected with the law of the sea discussions currently underway, and major
urban development projects. The President s energy proposals that went
to the Hill in January of this year had an environmental impact statement
prepared in connection with them; indeed impact statements in the
general area of legislative proposals are nally becoming a more accepted
part of the development of major legislative initiatives.
There was some discussion this morning on the quality of the
analysis in impact statements. I think one reaches two different conclu
sions on how satisfactory they are, depending on Whether one looks at the
quality of the analyses being prepared today in relation to those prepared
in the rst few years after NEPA was enacted, or whether one looks at
how adequately the analyses answer the questions for which they have
been developed. From a historical perspective, it is clear that the
analyses being done today are vastly superior to the analyses that were
prepared in 1970, 1971, and 1972. But it is also clear that if one looks at
impact statements for answers to some of the major questions being
raised, the analyses in many cases fall short of what is needed.
We are, however, seeing some improvement, especially in
two areas. One is a much better de nition of the scope of the required
analysis. For example, when a new major highway is built connecting a
central city with a rural area, one of the effects of the highway will be the
creation of additional air pollution because of increased traf c moving
through the area. But frequently, a far more serious and far more
signi cant consequence will be induced residential and industrial growth
alongside the highway. The effects of this induced growth will often be
enormous in terms of inducing additional vehicular traf c, in terms of
increasing the demand on water supply, and in terms of creating additional sewage and solid waste. We are now starting to see environmental
impact statements routinely take these secondary or induced effects into
consideration.
Historically, impact statements have had limited time per
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spectives. For example, when one looks at an analysis of spent nuclear
fuel storage facilities, one usually sees the focus of the analysis on
storage over the next decade or two of the long life radioactive wastes
created. The question of ultimate disposal of the radioactive wastes
usually remains unanswered. But where the ultimate disposal of the
wastes may have potentially catastrophic consequences, it s just not
suf cient, in my view, to end the analysis at this early juncture, and
thereafter go ahead with the project. However, there are encouraging
signs that some agencies are moving toward increasing the time per
spective of their analyses, and thereby approaching the heart of the
major environmental questions raised by some of their proposed actions.
Neil Orlojf is currently at Cornell University, Hollister Hall, Ithaca,

New York.
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Comments, Questions, and Answers
Q. I would like to ask Bill Knapp if he is developing a
computer capability for input from the three stations on Lake Ontario
that are nuclear, and how he intends to incorporate the Canadian plants,
the fossil fuel plants, the municipal water intakes, etc. and the other
mixing zones with his calculations?
A. That s a very valid question and one which we have
considered and still are considering. One of these problems is that we
don t have direct responsibility in activities not related to nuclear power
plants. We can request some data and numbers from private industry and
municipal water intake people but generally, they don t like that because
it s obvious that we will be able to quantify their loads and effects. We are
trying to work with local agencies and state people in getting these
numbers and in determining, for instance, water use throughout Lake
Ontario. The Oswego Generating Team was developed to try to nd out
from these utilities how many sh they are impinging, how much water
they take in, and the results of monitoring programs, but we can only
request this information. Working in concert with other regulatory
agencies, we can put more pressure on them but presently there is no
rm mechanism for us to get at that data. We recognize that this is a
fundamental data gap because we cannot consider nuclear power plants
as separate entitites in incremental damage. To get a composite picture,
you re perfectly right, we need that information. The problem is how we
get it. We are working right now with EPA regarding the 316(a)
exemption. EPA has a broader power base then we do for requests and
requirements. When it comes time for 316(a) and 316(b) decisions, as

you ve indicated there will be some serious problems. We hope to have
established a mechanism for accumulating these data so we can attack the
problem of the so called balanced and indigenous population, who is
disrupting it, and how they are disrupting it.
C. The collection of valid and meaningful data has traditionally been one of the problems of monitoring programs. Probably
NRC and the industry and those of us who are somewhat in between
have always felt that one of the principal sins of omission in the eld is
that there are a lot of good data there. We have never had the opportu-
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nity to look at the data, so we re with you on this program of review. We
hope that we also get some money.
C. Just as a note, frequently the technical speci cations and
the monitoring speci cations are the responsibility of NRC. The en
vironmental statements themselves are written by the National Laboratories, so that there may be some gap between the monitoring requirements and the needs as stated in the statements. We are presently
considering a review of most of the environmental technical speci ca
tions for existing plants and perhaps requiring the utilities to change
their programs. Now this involves a great deal of administrative pressure; it s not easy to require utilities to completely revamp their programs. But we recognize in our group that it is essential from an
environmental standpoint that the technical speci cations and monitoring
requirements be compatible. It s unfortunate when a plant has been
operating for two or three years with a set of inadequate technical
speci cations and we recognize that they re not solving the problems.
We d rather make what we consider essential changes, rather than let
them continue with a program which is expensive but not producing. Just
one other note. Frequently we can reduce a lot of the expenses the utility
is incurring. Much of their program is not designed to provide answers.
They re these classical, How do I de ne what s out there type of
programs, rather than How do I determine an impact. So I m not
necessarily saying that utilities will have a greater nancial burden;
frequently they will have less.
Q. I would like to ask Bill Knapp one question. You mentioned temperature limitations. Now what did that mean? You mean you
don t want the plant to have a greater delta T than such and such?
A. Well, if you re familiar with the Tech Specs, there s a
limiting condition for operations whereby we specify the maximum
discharge temperature. Fundamentally, those analyses are done by the
laboratories; they look at the LD50s, they look at the thermal requirements, the organisms, the stresses that will be placed on the organisms
present, and hopefully develop a maximum allowable temperature. More
often than not they must consider the physical design features of the
plant: whether they have a diffuser discharge, a shoreline discharge, an
offshore pipe, or something of that nature. This is the whole point of the
cost bene t analysis. We are not saying that there will be zero impact.
Frequently, we are not saying that we could not minimize the impact.
The cost bene t people attempt to justify a reasonable impact on the
basis of what is fair to the utility. Regarding EPA guidelines as to the
best possible way of minimizing impacts, I think we can get some general
agreement on that. Frequently, we must take into consideration the
nancial situation of the utilities and what they are already committed
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to take from an environmental standpoint, but administratively we are
charged with this analysis, this cost bene t approach.
Q. I have a question that maybe Bill Knapp or Neil Orloff
can answer about review of impact statements outside of the National
Laboratories and federal agencies. There is a great deal of public interest
in NEPA and the environmental impact statements, trying to nd out
whether they are good or whether they reevaluate the impact statements
and then see that decisions are made in accordance with the ndings of
the impact statement. I would like to know if in NRC or in any other
agencies there are really workable provisions for review at various
stages in the implementation by people outside of the agencies. Now, let
me give you an example: in the State of Florida an electric power plant
siting act was passed a couple of years ago providing that application for
new electric plants be accompanied by an impact statement for the State
of Florida. This not only applies to nuclear plants, but to any electric
generating facility. The Department of Pollution Control went to the
universities with contract money obtained from the applicant, to ask for
academic review. They could have gone to a consulting rm but they
chose to go to universities. Contracts have been let to ve different
universities; one report has been completed and is now in the hearing
stage. It turns out to be extremely useful in the hearing to produce a
document an inch thick which shows apparent impartial review that
people can trust; therefore, the con ict and hearing process are much
diminished. Now, I m wondering whether provisions are being made in
federal reviews to do more than pass out an environmental statement for
review by making it available to the public, but rather to contract
distinctly outside the federal impact statement program (CEQ, NRC or
another agency) to a truly visible, impartial group.
A. At the federal level there is no proposal to fund outside
groups to review the quality of environmental analysis. I think it would
raise somewhat of a philosophical problem if that were done. It would be
somewhat duplicative of the federal government to request a group of
people to prepare an environmental analysis (although frequently the
federal government will go to a consulting group for assistance in
preparing the environmental analysis) and then ask for review of that
environmental analysis from another group. The federal government is
considering some post-analysis of the quality of the environmental forecast after the facility is put into operation as a check on unexpected
environmental consequences or as a check on the utility for accuracy of
the forecast methodology itself. That post-analysis checkup is different
from the concurrent analysis.
C.

I think a case could be made for outside review, even
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though there is, philosophically, duplication. The federal government is
supposed to be an embodiment of the public, but in actual fact a con ict
does arise between people who represent the federal government on one
hand and the public on the other. In the deep South, the feds are never
trusted by the local people. I think NRC is in good shape, but some other
agencies are writing admittedly poor impact statements; there are incompetently written documents for extremely large and important federal programs. Now, these documents must and do get published; they
are read by interested people who are frequently appalled by the quality.
If these documents could be reviewed by the various public sectors at
some preliminary, uncirculated stage, it would decrease the con ict and
make for more orderly decision. But, it would take some initiative by the
of some competence clearly outside
government to engage review groups
of the federal establishment.
A. Well, the Institute for Ecology has reviewed some impact statements and also some speci c site impact statements; I think
they were funded by the Ford Foundation to perform a sort of a referee
activity where they said this is a good point, this is the point where we
fall together, and I think they have had a constructive effect.
C. Just as a note, we do issue draft environmental impact
statements. We have two phases: a draft environmental impact statement and a nal environmental impact statement. Anybody can get a
DEIS. If you want one we can arrange for you to get one. There is
nothing that prevents you from reviewing that document at any time. In
the beginning of the DEIS is a statement of groups to whom you can
respond with criticisms and suggestions.
C. What you re talking about are nancial aspects where
somebody is commissioned to do that review. My personal feelings are
that that would be desirable, but the fact that you are not receiving any
monies does not prevent you from performing a responsible evaluation if
you re concerned. After evaluation, we have repeatedly made changes,
reassessed our positions, gone back to the utility and asked for additional
information, and proposed design changes based upon those suggestions.
Such evaluation has come from many levels of government and all levels
of the public including university people, historical societies, and so
forth. So there is an interim period when we collect input from any
interested party and reevaluate our ndings in light of that input.
C. To reemphasize a point, it s true thatin many agencies
impact statements are circulated and reviewed. In some other agencies,
it isn t that way. They get out maybe, but they are not generally available
for review. Now, participation in this public review is by just individuals,
isolated individuals, and in reality a very few people. We found in the
state of Florida with the electric power plants that university faculty
conducted a rather comprehensive review because it was organized and
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funded to permit some staff to pull the thing together. At the hearing
stage, the review document accompanied the application and the review
document was examined to see what the reviewers considered to be the
true issues. I think federal agencies might take a good hard look at this
mechanism to see if it would operate as a supplement to regular channels
of review.

Q. One of the questions I had applies to CEQ, NRC and so
on: if data are being obtained, for instance, on atmospheric dispersion
around power plants (which are available for public record) can an
independent person obtain raw data rather than the re ned and interpretive data of the environmental impact statement? This is something in
which I m particularly interested. I ve contacted Ontario Hydro and
Detroit Edison and they ve been somewhat cooperative about making
data available but is there any general mechanism whereby one can get
raw data from utilities or a review committee?
A. To me raw data are the property of the investigator and
it s like asking a Nobel Prize winner to let you look at his notebooks when
he plans to publish them in six or eight months. There are mechanisms
for this and I think they are based on a personal relationship: a trust by
the people gathering the data that some rational purpose is served by
allowing you to look at the data. I think perhaps the most serious
embarrassments of all come from release of raw data before the investigator has it interpreted. We re a utility company and when we release
raw data, we are responsible for those data.
Q.

I m not talking about

eld data that haven t been re-

corded yet. Usually we ve made contact on an individual basis and give

assurances that information we ve obtained will be held in con dence;

however, we want to use information from regulatory agencies as well as
from individual utilities. My question is a little broader than that: what
happens if the data are available in the public record and are lost
somewhere in the vast agencies of the government and the paperwork
involved? Is there someone to whom a person can write to obtain
information on a speci c project?
A. Well, that s what research is all about. You start your
Ph.D. with a literature search and begin to nd out how hard it is to nd
things; that s part of the educational process.
Q.
about?

Is there a source of this information that I don t know

A. There isn t one that I know of. There is one approach.
Environmental impact statements are reduced to summary form and
then to key words, and those key words are put on a computer. If one
were interested in a listing of environmental impact statements covering
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the key words in which you were interested, that is available from CEQ.
You can then go to the appropriate federal agency, check the impact
statement and look for the information which is supportive.
C. That is an order of magnitude higher in data reduction
than that implied by the original question. Data are obtained which are
not placed in the of cial record simply because they re not relevant to a
question raised by the regulating agency. I know that the utilities collect
data in areas in which they are interested. Certainly, they ll be published
eventually in journals, but to avoid duplication of a project we have had
to individually contact everyone who might be conducting a relevant
project to nd out if they might have useful information at least to use as
a check on our own methodology.
A. In all fairness regarding public disclosure, we have certain legal mechanisms at NRC whereby we can acquire certain pieces of
raw data. We ve expanded our staff signi cantly in the last year and we
are frequently going to the extent of saying (to the utilities) we don t
want your interpretation; we want to look at it ourselves. That s what we
get paid for. This is not to imply inadequate staff or anything like that.
But frequently two different individuals look at the same data and come
up with completely different conclusions. There is a legal hangup here.
C. I represent the Environmental Data Service, a division
of NCAA. Presently we have an index which lists references to data. We
have about 3,000 references represented as of about October of last year.
One thousand entries pertain to data of the Great Lakes. Now, these are
simply data in existence. It tells the parameters, the conditions under
which it was collected and whether it is available. So even data that are
not available on a request basis are at least listed, and I have a copy of
this.
Q. What effect does land use or zoning have on the industry?
Are present methods for zoning acceptable?
A. I think in fact you know what kind of zoning exists. Let s
say there is a shoreline zoning or a coastal zone management program
with certain areas set aside. There s no incentive for us to try and swim

upstream against a zoning program or a management program estab-

lished by the appropriate level of government. In fact, our biggest
problem is nding out in advance whether areas selected by our applicants are liable to run into zoning and we are continually looking for areas
that aren t subject to zoning constraints. I think the problem is real if the
people who live in a particular jurisdiction, let s say for example the state
of Illinois, choose through their legislature to zone the shore of Lake
Michigan out for power generation. If we know it, that s ne. From there
on we look elsewhere for sites, and it s perfectly obvious that we can say
so in our environmental impact statements. A particular alternative is
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foreclosed to us, and the people recognize that they may have to face an
increment for this, but this is part of the policy. In fact, that s precisely
the case in Illinois, by action of the Illinois Pollution Control Board, who
set a ve year moratorium on any power plant siting on the Lake. In
practice it s almost precluded because there isn t much Illinois lake front
that isn t developed in one way or another. One of the things that really
bothered me a couple of years ago was the reaction we had from AEC on
an environmental impact statement: we said there is a moratorium on
Lake Michigan; therefore, that alternative is foreclosed. They cameback
saying that we hadn t adequately explored the alternative of lake island
siting. Well, at that time there was a big political hassle. Mayor Daley of
Chicago was talking about building an airport in the lake and everybody
in the entire region was screaming. What kind of sense would it make for
us to take a ctitious alternative and dig deeply into it? It doesn t make
any sense at all.

Q. It s almost what you could call a reverse disclosure. Isn t
there always the wish on the part of the public to have the applicant
disclose sites which are under consideration very early in the game?

A. This whole question of zoning is very important because
there are many different levels of government with power to zone, and as
land use legislation develops this will become even more complex.
Q. Could the concept of mixing zones be used along the
Illinois shoreline of Lake Michigan?
A. I simply mentioned that somebody might want to say
mixing zones are out of bounds in this particular area. The way I would
look at this is, it would be a realistic constraint if it were the spawning
grounds of a unique species or something that was about to go out of
existence and somebody wanted to save that. With that constraint built
into your allocation of biological value formula, it would be obvious to
anyone wishing to use that particular area that the restrictions on their
discharge would be such that it would be a lot better to site someplace
else. In line with this, why don t we ever develop designated sites similar
to those the Maryland group has adopted with their power plant siting
group? Everytime we get an impact statement, it s after the fact. A guy
says, Hey, here s what I want to do here, what do you think about this?

Why can t they come to us and say, We need more sites, and What do
you have available where we could put this? Maybe Illinois has used up
their shoreline as far as the biological value allocated for the state of
Illinois; maybe Michigan hasn t. Maybe something can be worked out, but
it really gets pretty tiresome receiving site applications and then trying
to achieve some level of compatibility between states. Why can t we
select sites originally?
C. All I can say is that if appropriate areas were identi ed it
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certainly would have a profound in uence on our screening of available
sites. I would not be inclined to ght the battle to try to develop a site in
an area which is already clearly environmentally sensitive.
C. The whole issue of predesignated sites and early site
review has been attempted, as we said, in Maryland, New York, and

California. There is presently some talk about congressional legislation to
make site designation a state process, assuming that the state knows
more about their domain than we do. To date there is no rm position
being taken on this, but just to make you aware, we recognize the fact
that it would be much easier were the state government to do the
necessary studies and designations. New York State, I think, has designated in excess of 50 or 60 sites or something like that, where they would
consider building plants on ranked sites; Maryland had done the same. So
there is movement toward taking the site designation process away (and
I don t mean in a negative sense) from the utility and of making it more a
decision of regional government rather than a utility.
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As to whether or not we can tell you what the sources of
pollution on the Great Lakes are, the answer is both yes
and no. For several reasons, we can t tell you right now what all the
sources of pollution are. On the other hand, we do have a lot of relevant
information about the problem. I guess I feel a little bit like a high energy
physicist being confronted with 32 elementary particles and umpteen
resonances. You have all of this data before you, you know that nature is
staring you in the face, you have all the tools, but you don t know what to
do. I think we re facing the same problem here, except that I think we do
know how we can solve the problem, and I ll come back to that after
reviewing some of the things that we talked about in the workshop.
The workshop was divided into two topical areas: Fossil Fuel
Related Sources and Emissions and Nuclear Fuel Related Sources and
Emissions. We also had a paper which dealt with the more inclusive topic
of Information Systems.
First off, we began with an overview of the demand and
supply picture given by Dr. Jose ph Asbury, of Argonne National Laboratory. He rst pointed out that the fuel mix (amount of coal, gas, and oil)
used in each of the eight Great Lakes Basin states is very diversi ed.
Secondly, all eight states are net importers of energy. In other words,
they do not produce enough energy within their own boundaries to
satisfy their needs. The net energy input cost is about $250 per capita.
This means that there is a net in ow of energy and a net out ow of cash,

and that each state has its own balance of payments problem to resolve.
The next point is that the state-of-the-art of energy forecasting is
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extremely poor and that s not news to us. However, one of the main

reasons is that we really don t know how the consumption of energy
depends on such fundamentally important variables as per capita income
and the price of the fuel. Moreover, it is extremely dif cult to forecast
the future behavior of these variables. Another interesting point was

that the present market price of fuel appears to be approaching a
so-called backstop technology. In other words, when the price of the fuel
gets high enough, one chooses alternatives. In the case of crude oil, the

alternative is synthetically produced oil from shale or coal. In the case of
gas, the alternative is to go to synthetic gas produced from coal. Apparently, we re approaching those backstop technologies at the present
time, which implies that the oil cartel can t raise the oil price too much

more because consumers will go to an alternative source for the oil,
namely coal.
Another point was that coal is not priced such that electric
power from coal- red plants is cost-competitive with electricity from
nuclear plants in the Midwest. The sources of coal represent a very
interesting issue, especially here in the Midwest. The EPA regulations
on sulfur content place the midwestern coal producers in a very dif cult
marketing position; a comparison of the cost of mining and shipping
western coal with the cost of using midwest coal plus scrubbers to
remove the sulfur dioxide shows that western coal is cheaper for con

sumers located as far east as the Ohio-Indiana border. The gas supply
picture is somewhat less clear. The major new sources of gas are the
south central and Gulf states of the U.S., Alaska, northern Canada, and

the synthetic production of gas from western coals. With respect to
additional gas supplies from the rst source, the question of the supply
elasticity is very controversial. Some say that if we deregulate the price
we ll have all the gas we need. Others say that there s no more gas no
matter how high the price rises. The synthetic production of gas from
western coal is competitive with other sources of new gas, including the
importation of LNG to the Gulf Coast for shipment to the Midwest in
existing transmission lines.
The oil supply is pretty much going to be determined by the
rate of discovery, according to Dr. Asbury. The liqui cation of coal is not
nearly as attractive as the gasi cation of coal. He pointed out that the
gasi cation of coal has a marketing advantage since a pipeline to a
customer tends to link that customer rather permanently to the supplier.
Since much of the oil is not marketed in that manner, the producer always
has to worry about competitive suppliers of oil. If he invests a large
amount of money in coal liqui cation, and subsequently the oil cartel
drops their price, then the liqui er may be out of business.
This introductory paper was followed by a number of papers
on the topic of sources and emissions. There are at least two distinct
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factor of 3 in total particulate emissions and they also varied by about a
factor of 3 in deciding who was most responsible for those emissions. For
example, the nonutility fuel combustors made contributions ranging from
17 to about 45 percent, depending upon whose inventory is used. All
inventories seemed to agree reasonably well that power plants contribute
roughly 45 percent of the sulfur dioxide. This latter agreement is
understandable because it is a relatively straight-forward matter to go
from sulfur content of coal to SO2 emissions from stacks. The problem of
particulates going up the stack is a completely different matter. Present
inventories contain only estimates of total air-borne particulates. What
we really want to know is something about the nature of those particulates, what their size distribution is, what kind of trace metals they re

carrying, or more generally their overall chemical composition.
The subject of development of emission inventories for the
water-home ef uents was addressed by Dr. H. Lawrence Dyer of
Argonne National Laboratory. He gave us a description of how one
develops emission inventories for water ef uents into a drainage basin.
The procedure, of course, is very similar to that used in the case of the

air-borne ef uents. It is necessary to identify sources, apply generic
emission factors, and then compute the total emissions over the inven
tory of sources that contribute to a given watershed. The problem on the
water side is an interesting one for several reasons. First of all, the use of
an emission factor implies that you re using some sort of an average, for
example, so many pounds of BOD emitted per hour averagedover a long
period of time. The problem with the use of such an average factor is that
the emissions are not linearly related to the emission factors. For
example, if you deposit a small amount of material on the surface of the
land and then sprinkle it with a very light rain extending over a long
period of time a runoff problem is not likely to result. However, if you
deposit the same material on land surface and follow it with a short-term
downpour, you may wash off most of the land surface. So it s not the
accumulation of rainfall that you re interested in or the average rainfall.
It s the occurrence of short-term episodes which cannot be assimilated
into the natural environment which you have to worry about. Those types
of considerations make the whole issue of average emission factors
subject to question.
Dr. David Natusch, from the University of Illinois at Urbana,
had a very interesting paper in which he looked rather closely at power
plants, and gave a much more detailed discussion of the air ef uents than
one would nd in an emission factor handbook. He rst mentioned that, in

the U.S. , about 80percent of the electrical generation is from fossil fuel,
and about 70 percent of the fossil fuel is coal. On a gross mass basis,
about 25 percent of the total particulate emissions come from power
plants, while 45 percent of sulfur dioxides and about 25 percent of the
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total nitrogen oxides come from power plants. Signi cant amounts of
trace metals, acid mists, and polycyclic organic species are also produced.
As is well known, the sulfur emission equation is quite simple:
sulfur in = sulfur out. That s a fairly straightforward issue. It simply
means that not much sulfur is being deposited out in any type of control
device that we have at the present time.
However, particles in as particles out. In the stack system, a
good deal of the ash falls to the bottom, much of it is trapped at the
precipitator or ltering device, and a small quantity escapes to the
atmosphere. That s both good and bad. It s good because most of it stays
behind, and it s bad because what escapes is perhaps the most interesting
and the most toxic part of the ash. The particles that escape have very
small effective aerodynamic sizes. These ne particles are important

because they serve as condensation nuclei to affect weather; they also are

in the right size range to affect visibility; and nally, they are in the right
size range to penetrate deeply into the lungs. The ne particles originate
as very ne particles in the combustion process within the boiler of the
power plant. These particles subsequently serve as nuclei for the condensation of vaporized metals. Consequently, one expects to nd substantial quantities of metals on the emitted ne particles. Detailed
measurements of ne particles in. stack systems described by Dr. Natusch showed that many of the important highly toxic trace metals
increase in concentration as you go to ner and ner particles.
Hence, you have to question the utility of the gross total
particulate emission factors used by the EPA. In addition, you have to
question the utility of such emission factors in determining environmental impacts, not only because of the ne particle toxicity problem, but also
because many of the large particles that are incorporated into the
inventory may be so large that their primary impact is getting hit by
them rather than inhaling them. For example, the land surrounding the

steel mills of Gary, Indiana, is just covered with iron oxide because the

particles are so big they go out thestack and fall down. Of course, one
expects a range of particle trajectories corresponding to a range of
particle sizes. At the ne particle end of the spectrum one nds that the
trajectories extend over large distances, perhaps hundreds of kilometers
or more. This extended range of particle size and trajectory makes the
problem of determining what portion of the emissions gets deposited in
the lakes a very dif cult one.
Dr. Natusch also presented some very interesting electron
micrographs, showing pictures of what some of the particles coming out
of the stacks look like. He described the solid particles as being either
clinkers that are greater than 70 microns in size and having a rather odd
structure or shape, or solid spheres on the order of 5 to 10 microns in size.
The solid spheres are essentially glass, many of which have coloring in
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them because of the presence of metal inside of glass faults. They all
make nice marbles. He also described two hollow particle types. The rst
type were hollow spheres, ranging in physical size from 20 to 60 microns.
Because they re hollow, they have very low average density and con
sequently they have much smaller effective aerodynamic sizes than
physical sizes.
A second and most interesting hollow type were hollow
spheres containing many small particles inside. He rst coined the term
pregnant particles. There s another term along that same line which he
also suggested, but we decided not to use that one either. But they were
very interesting particles, and he pointed out that these particles are
actually very abundant. As an aside, it was mentioned during the Plenary
Session that particles of this latter type were actually found oating on
Lake Michigan by people unaware of their origin. Dr. Natusch estimated
that approximately 20 to 50 percent of the mass of ne particles are
enclosed within these larger, eggshell type of structures. The shell
material itself, by the way, is glass. He raised the very interesting
possibility that if you know enough about the combustion process to
control formation of these things, perhaps you could get a handle on
increasing the ef ciency of capture of ne particles. You see, collection of
large particles is not a problem for lters or electrostatic precipitators.
It s the ne particles that you re worried about. So if you can nd a way
to control the combustion process so that the big eggshells will contain
more of the ne particles, that s great.
There are other things that can be learned by looking at
combustion processes as well. Dr. Natusch mentioned a Russian study in
which, for some reason or another, a Russian power plant operator
decided to add water to the combustion process, and by so doing he
considerably altered the particle size distribution. Ordinarily one doesn t
do that because it costs energy to vaporize that water, but on the other
hand, if it turns out to be a cost-effective control strategy, then maybe we
ought to consider it.
Another interesting point that Dr. N atusch made was that the
emission rate of polycyclic matter from power plants was probably
grossly underestimated. He carried out a number of measurements half
way up the stack, just above the stack, and at ground level surrounding
power plants. He is not prepared to lean heavily on the validity of
numbers at the present time, but the indications are that the emissions
may be orders of magnitude greater than have been suggested previously, which of course brings up the whole issue of carcinogenic
hydrocarbon materials present on particles. I might add here that this is
a very controversial nding. Very little is known for certain and it is
strongly recommended that this topic be more thoroughly studied.
There were two other papers which dealt with related topics.
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One was given by Dr. Stuart Fordyce, of the NASA Lewis Research
Center near Cleveland, in which he described work on a mathematical
technique for identifying sources, given a very large amount of ambient
particulate trace metal data. He showed a number of methods of displaying such ambient information which could allow one to identify the
sources of particulates using trace metal constituents as tracers.
Among the techniques for analyzing the data, Dr. Fordyce described the
use of cluster analysis to reveal correlations between chemical elements.
He also described a wind direction and time resolving hi-vol sampler
developed at the Lewis Research Center which forms the basis for a
complete air pollution source identi cation system which is to be tested
and evaluated in a complex industrial environment this year.
Dr. Fordyce s paper was followed by a contribution by Pro
Winchester from the Oceanography Department of Florida
John
fessor
State University, in which he described some of his work and some of the
techniques he has utilized to compare anthropogenic sources with natural
background levels of aerosols. He also suggested a procedure by which
one could identify the impact of anthropogenic sources on the Great
Lakes, which we will return to after completing the review.
I want to now go onto the topic of nuclear emissions and
subsequently return to the overall problem. A brief but illuminating
paper was given by Drs. Stowe and Frigerio in which they described the
present nuclear power plants on the Great Lakes, their fuel requirements,
and also several possible future issues. According to their account, the
rst commercial nuclear power plant in the Great Lakes basin was
' licensed in 1962. There are presently 9 plants in operation on the US.
side, representing about 23 percent of the total thermal capacity, and 6
plants on the Canadian side. Future projections indicate that by 1985 the
U.S. nuclear thermal capacity will increase fourfold and the Canadian
capacity will increase tenfold. I think that the most important issue
raised in their paper relates to the problem of storage of spent nuclear
fuel. Current fuel usage is about 203 metric tons of bulk fuel per year,

i.e. , 5.5 metric tons of U 235. If the above projections are realized, then a

total of 1194 metric tons of bulk fuel will be consumed per year by 1985.
At the present time all spent fuel from reactors is being stored (until
reprocessing is resumed) either within reactor spent fuel pools at the
reactors themselves or at other locations. Unless reprocessing is soon
resumed or more spacious long term storage is found, because of present
dwindling storage capacity, spent fuel generation must cease.
During presentation of his paper on ef uents from the nuclear

fuel cycle, Dr. MacFarlane, from Environmental Technology Assess-

ment, Inc., raised the point that eventually all of the spent fuel will be
reprocessed. However, none of it is being reprocessed at the present
time. He also raised the interesting point that the reprocessing will not
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solve the storage problems. Unfortunately, the reprocessing yields plutonium and uranium. Only the uranium could presumably be recycled into

the present water reactors. You can t at present do anything with the
plutonium.
Philosophically speaking, the concern over releases from
power plant operations has led to signi cant progress in the control of
ef uents. 0n the other hand, while concern has been expressed over the
accumulating waste product problems, appropriate corresponding actions
seem to be missing.
Dr. MacFarlane also raised another very important point,
namely, that if you re looking at the gross emissions of radioactive
materials, then you should put your nger on the portion of the fuel cycle
where the greatest amounts of material are being emitted and that ought
to be the reprocessing plant. A quick perusal of Table 1 of Dr. MacFarlane s paper reveals that by far the greatest releases of radioactivity
are associated with releases of tritium in both gases and liquids and
gaseous krypton 85. These releases are seen to occur most abundantly in
the reprocessing step. Now, what we need to know is the importance of
these ef uents. What are the environmental impacts of the krypton 85,

tritium, and possibly also of the iodine isotopes? Unfortunately, our panel
was not equipped to eld those questions. Dr. MacFarlane asserted that
power plant emissions are small and are being steadily reduced through
improvements in nuclear waste treatment. This opinion was shared by
both Marty Schumacher and Michael Bell, whose papers will be discussed
shortly. Dr. MacFarlane felt that the Great Lakes are not likely to be
impacted by other portions of the nuclear fuel cycle either.
Two related papers were presented which dealt more specifically with emissions from the power generation portion of the fuel cycle.
Mr. Martin Schumacher from the Region III of ce of the Nuclear
Regulatory Commission presented a paper on Reported Radioactive
Ef uents from Power Reactors on the Great Lakes,

and Dr. Michael

Bell from the Washington of ce of Nuclear Regulatory presented a paper
on Radioactive Ef uent Control Technology. According to Marty
Schumacher, every power plant is required to provide a summary of its
ef uents. These data are available in published form on an annual basis.
With such data, Marty was able to compile an inventory of radioactive
emissions from the power plant operations in the Great Lakes area.
Both his paper and the paper by Dr. Michael Bell indicated that the
emissions per megawatt power generated from power plants had been
considerably reduced in the last ve years, primarily because of increased sophistication in the operation of plants and sophistication in the
detailed manner in which they are able to manage the waste problems.
Again, the principal emission problems seem to be with radioactive
gases. Both papers described in detail various aspects of current reactor
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systems and noted speci c potential sources of radioactive ef uents. Dr.
Bell also discussed some aspects of waste ef uent control technology.
The nal paper in the workshop was given by Mr. Louis
Barbalas of the Great Lakes Library, Environmental Data Service
(EDS). EDS is a major NOAA unit responsible for acquiring, processing,
storing, and disseminating environmental data thru its data centers. Mr.
Barbalas brie y described two computerized information systems currently in use by the EDS which are topically of interest to us. These are,
rst, OASIS (Oceanic and Atmospheric Scienti c Information System)

and, second, ENDEX (Environmental Data Index). The ENDEX is of

special interest to us because it enables users to answer questions like
what kind of data is available in a particular area, how they were
collected, what format they are in, etc. The future plans of the Library
include the establishment of a new EDS Data Center at Ann Arbor. Since
their goal is to satisfy the needs of scienti c and technical personnel
working on studies of the Great Lakes region, they raised the general
question of what types of information are of particular interest. Anyone
wishing to make suggestions should contact Mr. Barbalas at the EDS
Great Lakes Library.
I would now like to return to the question of what the sources
of pollution are. I think what we ve seen in our workshop is the elements
of an approach to attacking the problem of what the sources are and how
to deal with them. One approach is certainly to go out and measure the
ef uents from every single drain pipe and stack in the basin. That s
obviously a very tedious problem and perhaps, because of subsequent
complex transformation, not very illuminating anyway. The alternative
approach essentially is, as Professor Winchester has suggested for
aerosols, rst to carry out ambient measurements in upwind or upstream
areas and nd out what the background pollutant concentrations are.
Second, to carry out measurements in the source or urban areas and nd
out what s in the ambient environment of the sources. Finally, to carry
out ambient measurements downstream above the lake surfaces and
within the lake waters and determine how much is entering the Lake. To
that we can add on the work of the people who are looking at the detailed
emissions; work on the use of the techniques described by Dr. Fordyce,
which enable us to go from ambient measurements back to the sources if
we wish; and the expertise of the people who will be talking after me,
describing how the material gets transported. Basically what I m sug
gesting is that we have at this point in time the facilities, the techniques,
and the expertise to mount the required large-scale eld effort to deter
mine what is being deposited in the lakes and where it is coming from.
Provided that the efforts of interested agencies could be coordinated, we
have a signi cant area of the Great Lakes basin covered with boats,

ships, and land-bound instrumentation. Everything we need seems to be
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available. What we need now is coordination of the effort and funds to
support the effort, but I think the approach is clear and I think that the
outcome would be highly fruitful.
Workshop Recommendations
General Recommendations
(1)

Consideration should be given to the development of a

long-range coordinated effort to collect and analyze data in the Great

Lakes region which could be used to help in the determination of the

nature and extent of atmospheric and aquatic inputs to the lakes from
both natural and anthropogenic sources in the basin. This would involve
the cooperative efforts of several interested agencies who are presently
engaged in research in the Great Lakes area. Perhaps the EDS Great
Lakes Library could play a role in the data dissemination aspects of such
an effort.
(2) Substantially greater attention must be given to com
munications between those engaged in studying ecological effects of
pollutants on the one hand, and sources, emissions, and transport of

pollutants on the other.
(3) In addition to total suspended particulate matter emission factors, the workshop participants strongly recommend that emphasis must be given to both the particle size distribution and chemical
nature of the particulate emissions of various source classes.

Speci c Recommendations and Research Needs According to Individual
Authors
Areas

(1) Utilization of Western Goals in Midwestern Industrial

(3) Improve emission factors for power plants red by
western coal. Note that the ash content and chemical properties of
western coal vary considerably among the bituminous grades shipped to
midwestern utilities.
(b) Understand the effects of the coal transfer and coal
handling facilities that will be located on the Great Lakes.
(c) Understand the effects of expanded coal shipping on
the Great Lakes. For example, will increased coal traffic on Lake Superior make it possible to keep traffic lanes open (ice-free) year round?
(d) Improve emission factors for synthetic crude and
synthetic gas plants proposed for coal-producing states in the Great
Lakes region.
(e) Reappraise the environmental control regulations
affecting the siting of electric power plants on the Great Lakes.
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(f) Assess the environmental tradeoffs associated with
the trend toward locating power facilities away from urban load centers.
(2) Source Emission Studies
(a) Emission Factor Needs Acquire further information on trace metals, organic-acid mists and, notably, polycyclic organic
species (POM).

(b)

Mechanisms of Formation and In-Plant Chemis-

try Emphasis should be on particle formation, POM formation, NOx
formation, organics formation, and associations of vapor phase species
with particles. Speci cally, determination of conditions for decomposition
of POM and formation of acid mists should be studied.
(c) Tracer Techniques Tracer techniques should be
further employed for determining the origin and relative contributions of
pollutants from power generation.
(d) Coal Gasi cation Emphasis should be on studies
which will determine the behavior of S, N, C compounds and trace
elements in future coal gasi cation processes.
(3) Ambient Pollutant Investigations
(a) Pollutant Chemistry
Interaction of particulates and gases, redox processes, etc. (the emphasis should be on non photochemical reactions).
Inorganic and organic compounds in particulate
matter, i.e., speciation (health effect implications).
(b) Monitoring Technology
Improve instrumentation, speci city, reliability,
cost, especially for particulates.
Continue development of long-path and laser ranging systems to avoid problems of point sampling/measurement.
-Continue development and application/evaluation of
remote sensing for areawide coverage from satellite and aircraft platforms.
Develop local agencies capability to incorporate
trace element monitoring (source I.D., nonpoint sources).
(c) Modeling
-Improve source receptor models incorporating effects like lake breeze circulation.
Develop models to adjust commonly available data
to correct air quality trends for climatological effects, i.e., obtain time
effects of abatement.
(d) Multimedia Implications
- Evaluate effect of air pollution on water quality in
Great Lakes (nutrients, trace elements, acidic gases).
-Investigate application of trace element source
identi cation approach to water pollution sources.
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(4) Aquatic Pollutant Studies
(a) The establishment and/or maintenance of a general
point source emissions inventory including NPDES permit applications.
These data are required for the preparation of areawide, basinwide and
segment analyses as well asfor assimilative capacity studies.
(b) The establishment of a clearinghouse for all literature regarding nonpoint sources of pollution including quantity, quality,
transport, storage treatment, and aquatic systems response. A brochure, similar to that provided by the Franklin Institute Research
Laboratories for the EPA is desirable.
(c) Demonstration studies concerned with the application of quantity/quality and transport, as well as meteorological fundamentals contained in urban runoff models (SWMM, STORM), to land
activities other than urban activities (i.e., agricultural, mining construc
tion, etc.).

(d) The waste assimilative capacity of streams, rivers
and lakes should be considered as an important factor in the determination of the necessary degree of ef uent control speci ed. The assimilative
capacity, de ned as the aquatic system s ability for puri cation or tolerance of a certain amount of ef uent discharge without degradation, is an
important resource and of interest to the determination of economically
ef cient waste treatment systems. Concentrations of point and nonpoint
source pollutants and the desired level of water quality (related to the use
of the water resource) must be included in the determination of this
assimilative capacity.
(5) Radioactive Pollutant Research
(a) Research and development currently underway for
developing methods of containing the two principal contributors, namely
Kr 85 and tritium, should be continued.

(b) Further study of the fate in the environment of
1 129 which is also released in small quantities at fuel reprocessing

plants.

(c) Research and development is required to achieve
lower cost iodine control systems for building ventilation system exhausts.
(d) Future processing improvements are expected to be
developed to control and dispose of krypton 85 and tritium.
(6) Environmental Information
It is recommended that agencies and institutions interested in or working on Great Lakes regional problems provide input
regarding their needs to the Great Lakes Regional Research Center to
help develop and achieve a properly balanced information resource.
Contact Mr. Louis X. Barbalas, EDS, Great Lakes Library, 602 Federal
Building and US. Courthouse, Detroit, Michigan 48226.
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Future Fossil Energy Requirements
in the Great Lakes Basin States
J. G. Asbury
Energy and Environmental Systems Division, Argonne National
Laboratory, Argonne, Illinois
The word requirements in the title of my paper carries the
not-so hidden implication of shortage. If the future energy requirements of the Great Lakes Basin states are not satis ed, then
these states are going to have an energy shortage.
Before going any further, I would like to say that this paper
will not deal at any length with the problem of shortages. What it will
discuss is how energy demand in the Great Lakes Basin is likely to
change and how that demand is likely to be met. This will include a
discussion of some of the variables and relationships that will affect
energy demand and a description of some of the alternative sources of
energy supply.
My avoidance of the question of shortages is not to suggest
that energy shortages do not or will not occur. After all, we now have a
shortage of natural gas at the FPC set interstate price (and a surplus of
foreign oil at the OPEC-set price). Rather, my lack of enthusiasm for the
question stems from the observation that our market economy has never
permitted a long-run shortage of anything. The temporary shortages that
have occurred have always been the result of essentially unpredictable
events in combination with government action to minimize short-run
dislocations caused by higher energy prices. In the end, market forces
have always been allowed to prevail.
Recent Consumption Patterns

The best way to begin our discussion of future energy supply
and demand trends is with a description of the present patterns of
consumption. Table 2 shows total and per capita energy consumption by
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Primary Energy Balances of the Great Lakes Basin States,
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Table 2, continued.
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Sources of Natural Gas Supply to the Great Lakes Basin

consuming sector for each of the eight states in the Great Lakes Basin. As
shown in the table, there is a signi cant variation in the quantity of
energy supplied within the eight-state region. Owing mainly to its
proportionately large steel industry, Indiana shows the greatest per
capita rate of energy consumption, roughly double the rate in New York.
In addition, the Great Lakes states show signi cant differences from one
another and from the national average in their energy supply mix. For
example, Ohio, Illinois, and Michigan consume considerably more natural
gas per capita in the residential commercial sector than do the other
states in the region; and, with the exception of New York, all states in
the region use proportionately less oil and natural gas in the generation of
electric power than the nation as a whole.

As shown in Table 1, all of the Great Lakes Basin states are

net importers of energy. Even Illinois and Pennsylvania, with their large
coal mining industries, consume over twice as much fossil energy as they
produce. These energy imports represent a substantial burden on the
states balance of payments. The last column in Table 1 gives an indication of the magnitude of interstate transfers involved. The dollar bal-
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ances in Table 1 are based on rough estimates of energy prices in 1974.

Because the same price estimates were used throughout the region, the
prices paid in some states are probably overestimated; and those in
others, underestimated. For example, New York imports proportion-

ately more foreign oil than old domestic oil and thus pays higher prices
for its oil than do the other states. In 1974, net energy imports were
costing the Great Lakes Basin states about $250 per capita.
Some idea of the domestic beneficiaries of the recent increase
in energy prices is given by Figures 1 and 2. These gures show the
sources and ows of natural gas and crude oil into the Great Lakes
region.2 Whether these existing patterns of supply to the region will
continue into the future is obviously a question of considerable importance to both the producing and consuming states. The already-sunk
heavy investment in transmission facilities suggests that present ows
will be maintained. If increases in the well-head prices of oil and natural
gas are not suf cient to bring forth adequate domestic supplies of these
fuels, there will be strong economic incentives to increase imports of
crude oil and LNG to the Gulf Coast states to keep the pipelines full.
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Future Demand for Primary Energy Forms
By now, we are all aware that economic forecasting is an

imprecise science. Changes in any one of several classes of variables can
make a forecast go awry. The development of new technologies, the
occurrence of unexpected international events, changing government
goals and policies, and changing consumer tastes can invalidate a forecast
before the ink is dry.
An indication of the low estate of energy demand forecasting

is that, were we able to control all of the above cited variables and their

impacts, we still could not forecast energy consumption with con dence.
We still do not have a good understanding of how energy consumption
depends upon such key market variables as income and price (everything
else remaining constant) and as a consequence cannot even explain past
energy consumption trends. The Great Demand Elasticity Controversy
boils down to the following question: Has past energy consumption
growth been mainly due to the historic decline in the relative price of
energy or to the rising level of income?3 A number of early econometric

analyses tended to stress the importance of the price variable,4 while the
manifest correlation between per capita income and per capita energy
consumption (both over time and between nations) suggests that the
income effect is dominant!)
Faced with the problem of constructing energy demand fore
casts for the Great Lakes Basin states, I have chosen a simple demand
relation for all fuels, of the form

Q ~ N P4P. ch
~ NP* (P./P)"Y1

where Q = the quantity of fuel consumed, N 2 population, P = fuel price,
Pc = competing fuel price, and Y = per capita income. The own-price and
cross-price elasticities in this relation are supported by recent economet
ric studies; and the income elasticity is consistent with the intuitively
plausible idea that energy consumption increases linearly with income,
everything else remaining constant.7
From this relation and from the estimated energy price
changes in Table 3, I calculated the percentage increases in energy
consumption by individual demand sectors for a typical Great Lakes
Basin state.8 Per capita income was assumed to increase at 2 percent
annually, and population at 1 percent annually. The demand formula was
not used in estimating fuel use by the electric utility industry; rather
nuclear power was assumed to satisfy 60 percent of new demand and coal
was assumed to satisfy 40 percent. Oil and gas were assumed to continue
as the preferred fuels for peaking service, but with new peaking demand
for these fuels made up byretirements or conversions of older base- and
intermediate-load units.
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The bases for the price estimates given in Table 3 are more
fully developed for certain fuels in the next section, but the basic
premises behind the estimates are simply stated. The rst is that the
major causes of the increase in oil and coal prices since 1972 are now
behind us, so that signi cantly higher prices for these fuels before the
turn of the century are unlikely. OPEC monopoly pricing, of course, was
the biggest cause of the oil price increases, but as Nordhaus demonstrates-q the cost of holding oil in the ground begins to exceed the bene t
when royalties cease to increase more rapidly than the rate of return on
investments in other assets. Because oil prices are ultimately pinned by
the cost of substitute technologies, the higher the current price of oil the
lower the rate of return on oil in the ground. Many OPEC countries now
appear to face a situation in which they would be better off selling oil at
present prices and investing the proceeds in more pro table assets. Thus,
I have assumed that the recent price increase of $8.00 per barrel of crude
oil, which caused a nearly 100 percent increase in retail prices in the
residential-commercial and industrial markets, represents the last in
crease in real prices before 1990. The second premise is that the coal and
electric utility industries will regain control over capital and operating
costs, so that the historic decline in the cost of these energy forms will
resume.10

_

Again, many of the factors contributing to the recent cost increases,
including employee health and safety regulations, environmental control
regulations, and rapidly escalating onsite construction labor costs, appear
to have been one of a kind, or catch-up phenomena.

Table 3. Estimated Price and Consumption Changes of Fossil Energy Forms, 1972 1990
Market

Resid.-Com.
Industrial

Coal

Oil

Natural
Gas

(assumed 1990/1972 price ratios, constant doilars)
2.0
1.7
3.0
2.0
1 .5

1 .3
1.3

10
-35

75
105

0

0

2.0
Transportation
(percent increase in energy consumption (1972 to 1990))

Resld.-Com.
Industrial
Transportation
Electricity

Electricity

0
80
45

40
40
10
O

-
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Perhaps the most important development in the energy markets is that the market prices of individual fuels are approaching the cost
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of their respective backstop technologies. (The phrase backstop tech
nology refers to a substitute energy form that for practical purposes is
limitless ) Thus, the price of crude oil is approaching the cost of producing synthetic crude from coal or shale; the intrastate price of natural gas
is near the price of SNG produced from coal; and coal is priced to make it
competitive with nuclear fuel in the generation of electric power. Pre
sumably, the price of Ung will have to rise before the ultimate backstop
technology, the liquid metal fast-breeder reactor, arrives. However, the

costs of mining and processing uranium would have to rise dramatically
to relieve the pressure on coal prices.
From an overall point of View, we might therefore conclude
that a consuming region would be relatively indifferent to alternative
energy sources: new energy sources are all going to cost the same.
However, at closer inSpection, alternative supply systems would be
different due to different transportation distances, different sets of
environmental impacts, and different combinations of resource inputs
(capital, labor, raw materials). For these reasons, it is useful to look at
the alternative energy supply systems in greater detail.
New Coal Supply

As shown in Table 2, several Great Lakes basin states are
large producers of coal. In fact, Pennsylvania, Illinois, and Ohio are the
nation s third, fourth, and fth ranking states, respectively, in coal
output. Unfortunately, the sulfur content of most of the steam coal
produced in these states is high and federal EPA new source performance standards have drastically reduced the marketability of the coal.
Extension of sulfur-oxide control regulations to existing power stations
would further erode the market shares of coal produced in these states.
In fact, a recent study by Argonne shows that imported western sub-bi
tuminous coal is less costly than midwestern coal plus stack-gas scrub
bing within an area as far east as the Ohio-Indiana border.
Clearly, the pattern of future coal supply in the Great Lakes
basin states will be largely determined by the standards and regulations
promulgated by the US. Environmental Protection Agency. Although
further curtailment of existing markets for midwestern coal may be
unlikely for economic and political reasons, existing new-source standards have closed the door on what would otherwise be an easy market for
the midwestern coal industry.
Midwestern coal s loss, of course, is nuclear power s and
western coal s gain. Figure 3 captures the salient features of western coal
supply to the Midwest. The gure shows the major sources, principal
transportation routes, and estimated prices of low sulfur western coal
delivered to midwestern market centers. Cost estimates indicate that
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Figure 3. 1974 Prices of Western Coal in the Midwest Market,
Demand Growth <25°/o/Year 2
western coal will carry about the same price per ton as midwestern coal

on a line running through Illinois. However, owing to its lower heating
value, western coal is from 20 to 30 percent more expensive on a cents
per million Btu basis.
As the gure shows, the Great Lakes represent an important
transportation artery for shipping western coal into the northern part of
the Midwest. Detroit Edison, availing itself of this natural transportation
route, is contructing a large coal transfer facility near Superior, Wisconsin. The facility will receive coal by rail from Montana and transfer it to
large (62,000 dwt) ships for shipment to power plants in the Detroit
area.13 The relatively low cost of water transportation may make it
possible for western coal to compete with stack-gas scrubbing and fuel-oil
alternatives as far east as Lake Ontario.
The future mix of coal supply to the Great Lakes basin states
will be determined by the stringency of sulfur-oxide control regulations
and by the relative costs of technologies to meet these regulations.
Without a signi cant relaxation of sulfur-oxide control regulations or a
breakthrough either in stack-gas scrubbing or coal desulfurization technologies, western coal can be expected to capture an increasing share of
the midwestern coal market.
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New Gas Supplies

As usually classi ed, there are four sources of new gas
supply, which because of the logistics of the natural gas industry, are all
potentially available, directly or indirectly, to the Great Lakes Basin
states. The four sources are well-gas from conventional sources located
mainly in the south central and Gulf Coast areas of the country; well-gas
from remote areas such as the Alaskan North Slope, the Canadian
McKenzie Delta, or the Canadian Arctic Islands; liqui ed natural gas
from overseas; and gas produced from coal, either in midwestern coal
elds or in the western states.
The prospects for increased gas supply from conventional
sources are not clear. In what might be termed The Great Supply
Elasticity Controversy, economists generally predict that reserves will
expand rapidly as prices increase, 4 while knowledgeable geologists claim
that the gas is not available at any price. 15 What is clear is that the
market-clearing well head price is considerably higher than the current
FPC ceiling of $0.50 per Mcf for gas sold in interstate commerce. Recent
intrastate contracts for gas produced in Louisiana and Texas have
provided prices over $1.50/Mcf.
Proved reserves of North Slope gas exceed 26 trillion cubic
feet, already enough to justify construction of a transmission system.
Figure 4 shows the two routes that have been proposed; either route
would add to available supplies in the Great Lakes Region. The Arctic
Gas route has the advantage of transporting gas from the McKenzie
Delta (proved reserves, 7 trillion cubic feet), although the latter gas may
not be available to US. markets. Cost of transporting North Slope gas to
the Chicago area via the Arctic Gas system is estimated at $1.20 to
$1.25/Mcf.17 To these costs must be added a well-head price of at least
50c/Mcf.
The proposed El Paso system would indirectly increase supplies to the Midwest by diverting Texas gas normally pumped to the
West Coast into midwestern markets. If midwestern customers are
assumed to pay the opportunity costs associated with the diversion of
Texas gas from West Coast customers, the price of the delivered gas
turns out to be comparable to that for the Arctic Gas system.
The coal gasi cation projects in the most advanced stages of
planning are the El Paso and Wesco plants, both sited in northwestern
New Mexico. Neither of these plants would supply gas directly to
midwestern markets. However, several midwestern gas transmission
companies have proposed facilities to be located in the lignite elds of
western North Dakota. It is interesting that the price of delivered gas
from these gasi cation plants is comparable to the price of gas from other
sources.
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Although there are a number of coal elds in the Midwest
with contiguous reserves capable of supporting coal gasi cation plants,20
the higher mining costs and the poorer reactive properties (in commercial
gasi ers) of midwestern coal have so far discouraged plans to develop
these elds.
Liqui ed natural gas from overseas is not likely to enter
midwestern markets in quantity. However, it does represent one method
of keeping the pipelines full should production in the Gulf Coast area fall
below demand. Recent estimates indicate that the cost of LNG at the
Gulf and East Coasts will be about $1.40/Mcf.
New Oil Supply

Like the supply of gas, the supply of oil will be largely
determined by the rate of discovery of conventional reserves under the
new price incentives. However, unlike the production of synthetic gas
from coal, which is on the verge of commercial realization, the large-scale
production of synthetic oil from shale or coal is some years away.
Optimistic estimates indicate that pioneer commercial scale (100,000
bbls/day) coal liquefaction plants could be on stream by the middle 1980s.
Like the gasi cation plants, the rst coal liquefaction plants are likely to
be located in the West.
One of the main impediments to the production Of coal liquids
from either coal or shale is the market risk that must be borne by rms
undertaking such projects. Unlike gas transmission and gas distribution
companies, the producers of synthetic liquids will not enjoy captive
markets, and thus will be exposed to the risk of substantial loss should

the price of conventional fuels decline.
In the absence of government-guaranteed prices for synthetic
liquids, it appears unlikely that the pattern of crude oil supply to the
Great Lakes will change signi cantly. The Canadian contribution may
decline, but other supplies, whether produced domestically or abroad,
are likely to move into the Great Lakes markets in much the same way as
in the past.
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Fossil-Fuel-Fired Power Plant

Impacts on the Great Lakes
Richard R. Cirillo
Energy andEnvironmental Systems Division, Argonne National
Laboratory, Argonne, Illinois
he Great Lakes serve as natural congregating points for
electric power-generating facilities because of the availability of suf cient cooling water required for large generators. The
location of major cities and industrial development complexes on the
lakes, with the attendant energy requirements, further accelerates this
trend. Table 1 indicates the extent of power plant sitings in the Great
Lakes states. It has been estimated that by 1980 there will be almost 60
GW of generating capacity along the lakes with the majority in the form
of fossil-fuel- red plants. Coal is the predominant fuel in these facilities
with small amounts of oil and natural gas being burned.
Power plants impact on the environmental quality of the lakes
directly through their emissions of air pollutants, thermal discharge, and
land use. The lakes, in turn, in uence the impact of the power plants on
the surrounding regions through their effects on meteorology and water
distribution.
Air Pollution

Power plants are major sources of sulfur oxides (mostly SOZ),
particulates, and nitrogen oxides (mostly NO and N02). They are also
sources of carbon monoxide and hydrocarbons. Table 2 gives the power
plant emission factors. For each of these pollutants, a National Ambient
Air Quality Standard (NAAQS) has been established. Under the Clean
Air Act of 1970 the states are charged with the responsibility of developing a State Implementation Plan (SIP) to meet and maintain these
standards. For power plants, the SIP efforts have focused primarily on
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Table 1.

Great Lakes States Fossil Fuel Power Plants
Number of
Plants

State

Installed
Capacity
(MW)

Minnesota

43

3,355

Wisconsin

27

5,241

Michigan

37

10,363

Illinois

39

16,229

lndiana

34

11,327

Ohio

47

19,043

Pennsylvania

41

18,907

New York

34

15,123

Coal
Oil
Gas
(106 W)
(10° bbls)
(10 tons)
(% of Btu consumption)

47,665
28%
21,676
8%
39,266

941
3%
761
2%
8,612

6,285
69%
10,495
90%
20,182
84%

9%

7%

29,513
85%
24,251
96%
39,912
98%
35,259

7,627
7%
707
1%
830
1%
23,318

56,665
8%
14,225
2%
9,727
1%
3,231

86°/o

6,097
22%

1 4°/o

< 1 °/c

77,024
70%

51,624
8%

Steam Electric Plant Factors, 1973, National Coal Association, Washington, 0.0.

Table 2.

Power Plant Emission Rates"2

Particulates
Sulfur Oxides
Carbon Monoxide

Hydrocarbons
Nitrogen Oxides
Aldehydes
Trace Metals
Arsenic

Beryllium
Cadmium
Manganese

Mercury
Nickel
Vanadium

Coal
(lbs/ton coal)

Oil
(lbs/103 gals)

Gas
(lbs/106 ft )

16A(1-E)--b
38$c

8(1-E)°
159$c

15(1-E)°
0.6

3

1

17

0.3
18
0.005

2
105
1

1
600
NA

.003

.001

NA

.00003

.2

NA

.001
.080

.03
.001

NA
NA

.0004
.003

.0004
.3

NA
NA

.0005

.2

NA

'A is the percent ash by weight.
IE is the collection ef ciency of the control equipment.
cS is the percent sulfur content by weight.
Compilation of Air Pollutant Emission Factors,

U.S. Environmental

Protection

Agency, Report No. AP 42, April 1973.
Impact of New Source Performance Standards on 1985 National Emissions from
Stationary Sources, Vol. II, TRC, lnc., Wetherstield, Conn., February 1975.
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the control of particulates and sulfur oxides through either emission
limitations or fuel regulations.
Particulates can be controlled by ue gas cleaning devices
such as scrubbers, baghouse collectors, and electrostatic precipitators
with collection ef ciencies of greater than 99 percent. Sulfur oxides
are
not as easy to control. The simplest means is to switch to a fuel with a low
sulfur content (i.e., less than 1 percent), but there are severe supply
constraints on these fuels. Flue gas scrubbers for S02 removal have been
tested with varying success and controversies are still being waged in the
courts over Whether or not they can be considered as a demonstrated
control technology.
Control of nitrogen oxides, hydrocarbons, and carbon monoxide is a complex problem since there are no add on devices which can be

used. Modi cation of the combustion chamber design is the most cost-effective method of control. In this instance, however, control of nitrogen

oxides sometimes results in an increase in the hydrocarbon and carbon
monoxide emissions because of the shift of the combustion point from the
stoichiometric.
Particulate emissions from power plants around the Great
Lakes are deposited into the lakes by precipitation scavenging. It is not
unusual for more than half of the suspended particulates in a power plant
plume to be deposited by rain. One of the more undesirable features of
power plant particulate emissions is the concentration of trace metals
(e. g., arsenic, beryllium, cadmium, manganese, mercury, nickel, and

vanadium) in the plume. Recent studies have indicated that these materials have an af nity for the ne particulates (< In). Most power plant air
pollution control equipment, while achieving collection ef ciencies
greater than 99 percent by weight in total emissions, are not capable of
controlling ne particulates very well at all.
Suspended particulates in a power plant plume can also serve
as condensation nuclei for the formation of clouds and can result in
altered rainfall patterns. Although not as dramatic as the clouds of snow
which have been photographed around the particulate emissions from
steel mills, power plant plumes can have the same kind of weather
modi cation effects.
Sulfur
oxidesalso affect the Great Lakes environment by
precipitation scavenging. Sulfur dioxide has known detrimental effects
on health and welfare and sulfur trioxide, emitted mostly as an aerosol, is
highly corrosive. Recent studies are indicating that atmospheric sulfates,
which are formed after emission, are potentially more hazardous than
SOZ or 803. Only preliminary research has been completed by the
Environmental Protection Agency and additional work is underway.
The in uence of the lakes on meteorological patterns plays
an important role in determining nitrogen oxide and hydrocarbon impacts
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on the air quality on shore. For example, Milwaukee has experienced
high oxidant air pollution readings at times when emission activity was
low. One theory is that the daytime nitrogen oxide and hydrocarbon
emissions are blown out over Lake Michigan by a land breeze, photochemically reacted to form oxidants, and blown back to the shore with the
evening lake breeze. There are only sketchy experimental data available
to verify this hypothesis. Nevertheless, the lakes do play a signi cant
role in determining the transport of pollutants.
Despite the potential for detrimental impact on the Great
Lakes from power plant emissions, current air quality management
methods are not suited to providing effective control. The intent of the
Clean Air Act with regard to the National Ambient Air Quality Stand
ards has been interpreted, through judicial ruling, to mean that the
standards must be met in all places where the general public has
unlimited access. Current legal reviews are underway in at least one
state to determine if the Great Lakes fall into this category. A ruling in
either direction is fraught with both legal and technical complications. If
the standards must be met over the lakes, then some sort of air quality
monitoring system must be established. If not, then all emission sources
can claim air quality credit for all emissions which are transported over
the lakes.
Because of national energy requirements, power plants are
being considered for relaxation of emission regulations to permit the
burning of more readily available fuels. Since most of the power plants
around the lakes are already coal- red, the impact of this policy will be
primarily to permit the use of high sulfur midwestern and eastern coal in
place of the scarcer low-sulfur western coals. Also, the use of intermittent control systems, i.e., the use of low sulfur fuel or the operation of
ue gas desulfurization equipment only when the meteorological condi
tions would result in a violation of the NAAQS, is being discussed as a
possible means of easing the clean fuel shortage. A previous EPA
position has been that the use of tall stacks to achieve greater pollutant
dispersion, and thus meet the NAAQS without the need for total emission reductions, was not an acceptable control strategy. This too is
undergoing a reevaluation in the light of energy requirements. To date,
none of the reviews of implications of power plant regulation revisions
have addressed the possible effects on the Great Lakes. This has been
primarily the result of a limited amount of resources available and the
priority being given to the study of effects on population centers. The
fact that there are little experimental data available on the air quality
over the lakes further reinforces this neglect since there is so little
known about actual impacts.
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Thermal Discharge

Waste heat from a power plant can be dissipated by oncethrough cooling systems, cooling ponds, or cooling towers. The oncethrough systems, wherein water is withdrawn from the source body of
water, passed over condensers, and returned to the source body, have
found almost exclusive use in the plants on the Great Lakes. Only one
fossil- red plant is using a cooling tower.
Recent regulations passed by the EPA under the Federal

Water Pollution Control Act require all new plants greater than 25 MW
to be built with closed cycle cooling. In addition, plants built between
1970 and 1974 and greater than 500 MW are required to retro t to closed
cycle cooling although the regulations permit a review on a case-by case
basis. For plants on the Great Lakes, compliance with the regulations
will probably come in the form of the use of cooling towers, either natural
or mechanical draft.
In addition to the thermal impacts on lake ecology, the consumptive use of lake water represents a signi cant environmental prob
lem. Cooling towers can require almost twice as much water as oncethrough systems and the addition of chemicals to control the buildup of
sediments on the condenser coils must be monitored for its effects on
aquatic biota. Also, the closed cycle evaporative systems tend to concentrate dissolved solids in the water. These solids must be ushed from the
system periodically to avoid a detrimental buildup of scale on the cooling
system.

There is some concern that the use of cooling towers could
have a synergistic effect on air quality through the interaction of the
plumes from the boiler stack and the tower. Generation of acid mists is a
real concern. Some speculation has also been voiced about cooling tower
plumes generating modi cations to local climatology through the large
quantities of vapor emitted.
Despite the clearly identi ed impacts of fossil-fuel- red
power plants on the Great Lakes, there are only limited data available on
which to base regulatory central policies. Clearly, there is a need for
additional research to develop the necessary information.
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A Case Study of Particulate and
Sulfur Dioxide Emissions and their
Sources in Northwest Indiana*
Michael A. Lazaro

Air and Hazardous Materials Division, U.S. Environmental
Protection Agency, Chicago, Illinois
The state regulations to control particulate and sulfur dioxide
emissions from industrial and fuel combustion sources in Northwest
Indiana were inadequate for attaining the National Secondary Ambient
Air Quality Standards. The EPA is presently involved in a comprehensive emission inventory gathering project to use in conjunction with an
urban dispersion model for secondary control strategy testing, evaluation, regulation formulation, and federal promulgation. These regulations will become part of the Indiana State Implementation Plan. The
EPA study will be further used as a means to test the adequacy of
Indiana s present regulations for attaining the primary particulate and
sulfur dioxide standards in Lake and Porter Counties. The strategy
testing results will also be used as a portion of a broader air quality
maintenance planning study to assure maintenance of the National
Ambient Standards to 1985 in the tri-state region. The tri-state area
includes portions of the states of Indiana, Illinois, and Wisconsin.
ational goals for protecting the public health and welfare
were set out in the Clean Air Act of 1963, and made
speci c in the Clean Air Amendments (CAA) of 1970. While there has
been much progress since these laws were enacted, clean air is not yet a
reality. The Environmental Protection Agency (EPA) was given the
*The opinions expressed in this article are those of the author, and do not necessarily re ect
those of the U.S. Environmental Protection Agency.
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responsibility under the CAA of 1970 for establishing national standards
of ambient air quality primary standards to protect health, and secon-

dary standards to protect the public welfare, speci cally property, veg-

etation, and aesthetics. In April, 1971, EPA established standards for six
major air pollutants: sulfur dioxide (802), particulate matter (PM),
carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOX), and

photochemical oxidants. Each state was then required by Section 110 of
the CAA to adopt and submit to the Administrator of the EPA for
approval a State Implementation Plan (SIP) containing control strategies
for the attainment and maintenance of the primary and secondary
ambient air standards.
Background and Purpose of Study

In March of 1971 the EPA designated 241 Air Quality Control
Regions (AQCRs) within and across state boundaries which were as
signed priorities based upon: (1) standard metropolitan statistical areas,
(2) population growth and industrialization, and (3) the existing level of
measured ambient air contaminants. The states were required to specify
the manner in which the national standards were to be achieved and
maintained in each AQCR. This paper summarizes the early history and
present status in the development of PM and 802 control strategies in the
Indiana pbrtion of the Chicago Metropolitan AQCR. The components and
tools used in strategy evaluation will be reviewed, with emphasis being
placed on the characterization of pollutant sources (other than power
plants) and on the development of a comprehensive and accurate emission
inventory for these sources.
At the time of the required SIP submittal to the EPA for
approval/disapproval, it was found that a number of de ciencies in the
state plans for attainment of the National Ambient Air Quality Standards
existed. Extensions for attaining the secondary standards were granted
in 19 states involving 37 AQCRs, 27 for PM and 18 for SOZ. The control
strategies for the PM in 8 state plans and 802 in 3 state plans have been
submitted to the EPA, with the remaining presently being developed by
EPA.1
Region V includes the Great Lakes states of Illinois, Indiana,

Michigan, Minnesota, Ohio, and Wisconsin. The states of Indiana and
Ohio requested and were granted 18-month extensions of the date
required for the submittal of secondary control strategies. The plan that
was submitted by Indiana demonstrated that the secondary standards for
particulate matter and sulfur dioxide could not be attained in the Indiana
portion of the Metropolitan Chicago Interstate AQCR. However, modeling results from the strategies that were tested revealed that the
primary standards for PM and 802 could be achieved. The state failed to
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the
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al
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additional time frame granted. Battelle
develop
to
contract
EPA
veloped Indiana s SIP, was then given a second
ry
and test alternate control strategies for the attainment of the seconda
were
study
standards in Northwest Indiana. The results of the second
ity
found to be inconclusive with respect to attainment. Since the reliabil
decided to
of the emission data base was in question, EPA Region V

utilize Section 114(a) of the CAA to gather emission data in Northwest
Indiana and test control strategies with a mathematically re ned urban
dispersion model called Climatological Dispersion Model (CDM). Details
on the reasons for using Section 114 data for control strategy development will be discussed later.
General Description of Area

As previously mentioned, Northwest Indiana is a part of the
Metropolitan Chicago Interstate AQCR. The AQCR encompasses the
industrial urban complex of Chicago. The Indiana portion of the region
consists of two counties, Lake and Porter, with a combined area of 939
square miles. The two counties are the most industrialized, and they have
the greatest population density (675 persons per square mile) and greatest economic growth within thestate. The terrain of the area is at and
varies slightly in elevation from about 500 to 700 feet. Its geographical
location allows for free air movement from lake breezes and predominant
westerlies that reduces the occurrence of stagnant air masses. The
region s climate is typically continental with warm and rather humid
summers and moderately cold winters accompanied by frequent periods
of overcast skies. Polar cold fronts pass through during the winter season
and low pressure cells from the southwest cause storm activity, espe
cially during spring and winter. The maximum amount of precipitation
falls in the summer. Averagewind speeds are lowest in the summer and
autumn and strongest in the winter and spring. Winds are generally
stronger closer to the lake shore.
The dominating industries in the Indiana counties of the
Chicago Region are steel mills, oil re neries, and chemical plants. Many
of these industries are so near the shores of Lake Michigan that the lake
provides an important transportation route for bulk materials for the
industrial community. Past emission inventory surveys indicate the
number of industries in each of the following categorical classi cations:
four full- edged iron and steel mills with a fth steel mill proposed for
operation in 1979; three primary and secondary metal smelters; one gray
iron foundry; two petroleum re neries; nine chemical plants, including
two sulfuric acid plants; six mineral product plants; and three food and
agricultural processing and grain handling facilities. Major fuels con-
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sumed by all sources during 1970 in Lake and Porter Counties totalled 4.8
million tons of coal compared with 6.0 million in 1972; 516 million gallons
of oil (residual and distillate) compared with 500 million gallons in 1972;
and 138,104 million cubic feet of natural gas compared with 152,944
million cubic feet in 1972. Table 1 lists fuel combustion in 1970 and 1972
by point and area sources, and by categories of point and area sources.
According to the 1970 emission inventory, fuel combustion sources in
cluding power plants emitted 19 percent of the total 380,785 tons of
particulate matter released in that year, with the power plant share of
the total being 2 percent. Industrial processes contributed 79 percent of
the total. Sulfur dioxide emissions amounted to 514,841 tons in 1970 with

power plants emitting 46 percent of total. All other fuel combustion
sources contributed 42 percent of the total sulfur dioxide emitted.
Table 1.

Fuel Combustion for Stationary Sources, 1970/1972, Lake

and Porter Counties, Indiana

Coal

(103 Tons)

Residual
Oil

(106 Gals)

Distillate
Oil

Natural
Gas

Process
Gas

(106 Gals) (106 Cu Ft) (105 Cu Ft)

1970 Sources
Point
Area
Total

4,542
246
4,788

349.1
2.1
351.2

74.3
90.6
164.9

104,891
33,213
138,104

72,907

54.6
86.6
141.1

100,664
52,280
152,944

420,247

72,907

1972 Sources
Point
Area
Total

5,811
261
6,072

539.2
3.5
542.7

420,247

1972 By Source Categories
Area

1. Residential
2. Comm./lnst
3. Industrial
Total

9.6
45.4
206.5
261 .5

0
0.82
2.64
3.45

41.09
34.88
10.64
86.61

25,520
5,170
21,590
52,280

Point

1. Utilities
2. lndust/Comm/lnst
3. In Process
Total

4,871.9
820.8
118.1
5,810.8

78.3
320.5
140.4
539.2

0
14.5
40.1
54.6

10,758
28,31 6
61 .590
100,664

6,400
298,315
115,530
420,247

Area/Point Totals

6,072.3

542.7

141.1

152,944

420,247
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Components of Control Strategy Development

The best available mechanism for relating emissions to air
quality for control strategy evaluation is the urban atmospheric dispersion model. The details on the mechanisms and mathematics of transport,
dispersion, transformation, and deposition of pollutants in the atmosphere will be discussed in a concurrent workshop at this conference. Only
a brief description of some of the most commonly accepted and used
urban dispersion models will be given here. Instead, emphasis will be
placed on the methodology for compiling and preparing a comprehensive
emission inventory needed as input data for the dispersion model.
In the control strategy testing for Northwest Indiana in the
initial SIP development, the Air Quality Display Model (AQDM) was
used in determining the effect of emission reduction on air quality
predictions.
The results of the AQDM predictions for particulates used in
the SIP strategy evaluation are represented in Figure 1. Tables 2 and 3
list the control strategies tested by Battelle (The National Primary and

Lake
County

Porter
County

Figure 1. Particulate Concentrations (rig/m3) Predicted by the
AQDM for Northwest Indiana in 1975 Under Control Strategy P 8 for
Indiana Sources and Proposed Illinois Control Strategy for Illinois
Sources

APC 4 H
APC 5

Control Strategy P 8
Fossil Fuel Combustion
(Lake County Ordinance)
Process Sources

APC 6
APC 7
APC 2

Existing Foundries
Solid Waste
Open Burning
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Table 2.

Potential Regulations for Controlling Particulates

Designation
A.
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Description

Reference

Fuel Combustion
APC 4
.8 lb Per 106 Btu heat input
(P 1,4)
or less depending on stack height

APC 4 Figure 3 1
(Indiana)

Appendix B

August 14, 1971

(P 2,5,6)

.3 lb per 106 Btu heat input

LAO (APC 4 R)

.6 lb per 10° Btu heat input

(P 3,7,8)

<107 Btu heat input
.2 lb per 105 Btu heat input

Federal Register
Figure 3 1
(Appendix B)

>10 ° Btu heat input

St=0.87 (2... 6
107 Btu <Qm< 10'° Btu heat input

Figure 3 1
(LAO)

Process
APC

E=3.59 p ; p<30 tons/hr

APC 5

(P 1,3,5,6,8)

E=55 p

APC 6

Existing foundries

APC 6

Appendix B

E=.359 p '5 ; p<30 tons/hr

August 14, 1971

(P 2,4,7)

E=17.31 p v ; p>30 tons/hr

Federal Register
(Appendix B)

Solid Waste
APC 7

14 lb per 1000 lb gas over

APc 7

(P 1,3,4,5)

1000 lb per hour charge

-40; p>30 tons/hr

(P-1,3,5,6,8)

.7 lb per 100 lb gas all
other incinerators
Appendix B

(P4533)

.21 lb per 100 lb charge

Federal Register

.

Open Burning
APC 2

August 14, 1971
(Appendix B)

No open burning

APC 2

(P-1 12,314,5961778)

0m(MBtu)- Total rated operating capacity (million British thermal units)
p (tons/hr) process wt. rate

Sf (lb PM/MBtu) pounds of PM emitted per MBtu heat input
E

(lb PM/Hr) emission rate

P Particulate strategy designations tested and listed in Table 3
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Table 3.

Composition of Potential Particulate Control Strategies
Regulations (from Table 2)

Strategy
Designation

Fuel
Combustion

P-1
P 2
P 3
P-4
P-5

APC 4
Appendix B
LAO
(APC4 R)
APC 4
Appendix B

P 6

Appendix B

P 7
P 8

LAO
LAO

Process

lncinerators

Open
Burning

APC 5, 6
Appendix B
APC 5
APC 6
Appendix B
APC 5
APC 6
APC 5
APC 6
Appendix B
APC 5, 6

APC 7
Appendix B
APC 7

APC 2
APC 2
APC 2

APC 7
APC 7

APC 2
APC 2

APC 7

APC 2

Appendix B
Appendix B

APC 2
APC 2

SO2 are given in
Secondary Ambient Air Quality Standards for PM and
y, seasonal,
monthl
e
averag
ed
expect
the
Table 4). The model computes
ing from
result
SO2
and
PM
for
ns
or annual ground level concentratio
data
input
The
rpoints.
recepto
both point and area sources at speci ed
and
data
site
oring
consists of receptor data, calibration data (monit
The
data.
ory
invent
locations), meteorological data, and the emission
and dispersion
meteorological data is required to describe the transport
frequency
of the pollutants in the atmosphere. The data used is a joint
ty. Mixing
function of Wind direction, wind speed, and atmospheric stabili
The wind
height ambient temperature and pressure are also inputs.
Wind speed
azimuth determines the direction of movement of the plume.
d from the
emitte
are
they
as
ants
pollut
affects the initial dilution of the
n as the
dilutio
of
rate
the
ines
determ
source. The atmospheric stability
depth
the
ines
determ
height
plume moves downwind. The mixing
ature
Temper
l.
vertica
the
in
through which pollutants can be dispersed
plume rise.
and pressure are used with other stack data to calculate the
National
by
ed
These meteorological parameters are routinely measur
the
from
form
Weather Service stations and are available in summarized
ty
stabili
1970
National Climatic Center in Asheville, North Carolina. A
the
as
e
wind rose from Midway Airport in Chicago was used by Battell
on invenmeteorological input to AQDM, in conjunction with an emissi
data
quality
air
and
data
logical
meteoro
1970
tory compiled for 1970. The
a
testing
gy
strate
control
For
tion.
were used for modeling calibra
were
ns)
functio
ncy
freque
(joint
number of years of stability wind roses
reduced
averaged. As mentioned earlier, none of the strategies tested
of the
nance
mainte
and
emissions enough to provide for attainment
secondary PM and 802 ambient air standards.
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Primary and Secondary Ambient Air Quality Standards for

Particulate Matter and Sulfur Dioxide

Standards

Pollutants

Frequency/Avg. Time

Total Suspended
Particulate (TSP)

Annual/geometric mean
Annual/24 hour maximum

Sulfur Dioxide ($02)

Annual/arithmetic mean

Annual/24 hour maximum
Annual/3 hour maximum

Primary Secondary
(pg/m2)
(pg/m )

75
260
80

365
none

60
150
none

none
1300

not to be exceeded more than once per year.

The emission inventory data compiled by Battelle2 in the
spring of 1971 for point and area sources in Lake and Porter Counties are
represented by source category for PM and 802 in Figures 2 and 3. This
inventory later became a part of the National Emission Data System
(N E DS). Since that time, serious questions regarding the accuracy of the
data have been raised. In 1973, a new emission inventory was gathered
under EPA contract for base year 1972. The categorical breakdown is
given in Figures 4 and 5 for PM and 802 respectively. The Indiana State
Board of Health,3 in conjunction with local agencies in the region, also
compiled a data base for 1972, and their categorical breakdown is
represented in Figures 6 and 7. The updated NEDS data was 2.1 times
greater than the state data for total particulate emissions and 1.2 times

greater for total sulfur dioxide emissions. It was obvious that the

accuracy of the data base was still in question. A means for checking data
accuracy was to use the data collected for special industrial categories by
EPA s Enforcement Division through the CAA Section 114 mechanism.
Comparing speci c industrial categories (petroleum re neries) for which
114 data were collected with corresponding updated NEDS data and
state data showed considerable discrepancies, both in the quantity of
emissions and the completeness of the data (number of emissions points
and stack parameters).
Emission trends of particulate contributions within major
source categories from 1970 to 1972 showed that industrial process losses
declined from 79 percent of the total PM contribution to 52 percent in the
N EDS 1972 inventory, and to 62 percent in the 1972 state inventory.
Assuming that the N EDS data for 1970 and 1972 are correct on a percent
of total contribution basis, industrial emissions of PM were reduced due
to SIP compliance from May 31, 1972 to December 31, 1972. On the
assumption that state 1972 and NEDS 1970 data is categorically accurate,

industrial emissions of PM were reduced 75 percent from May through

I
l
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Combustion
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Inventory', 1970, Lake and Porter Counties, Indiana, Region 067

Chicago

December of 1972. The magnitude of the emission reduction represented
in each inventory over the time frame speci ed was found to be unrealistic. Looking more closely at the legal requirements for source compli
ance schedules (CS) in the Indiana SIP, negotiated schedules are called
for between individual sources and the state1 following plan submittal.
These schedules were to be submitted to the EPA for approval in the
rst required state semiannual report, with nal compliance dates no
later than January 1, 1974. Since no legal schedules (CS adopted by the
state Air Pollution Control Board after public hearing) were submitted in
the report, the amount of PM emission reduction due to SIP compliance
from May through December of 1972 is assumed to be very small. Similar
conclusions can be drawn from SO2 emission trends in the same time
period. The only conclusion to be reached is that the accuracy and
completeness of past emission inventories cannot be relied upon in trend
analysis of control strategy development.
Because of the data discrepancy within the three emission
inventories mentioned, it was decided to use Section 114 data wherever

possible. A decision is yet to be made on the data base year to be used,
but 1973 or 1974 are the likely choices. Meteorological data and air quality
data are required to be compatible with the base year chosen, since model
calibration is invalid if the stability wind rose and sampling data em
ployed are for a time frame different from that during which the emission
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Chicago

inventory data was collected. Also a meteorological data set more representative of conditions in Northwest Indiana will need to be obtained and
properly formatted for model input. Once calibration is completed,

alternate wind stability roses can be used in control strategy testing.
Clearly, the most conservative approach is to acquire and test a reasonably large number of cases in order to seek out the worst meteorological year (stability wind rose causing the highest annual peak concentrations).4 Although this approach is the best for a worst case analysis in
development of a control strategy for the attainment of an annual
standard, it is also the most costly to analyze in terms of computer time.
A ve year average would be more cost effective (analytically) than
testing several one-year wind roses, and more representative of the true
worst case than testing one single-year wind rose (the calibration year is
most commonly chosen).
Emission Inventory Development

Air pollution emission inventories form the foundation for air
quality trend analysis and control strategy development for the attainment and maintenance of ambient air quality standards. At a minimum,
the inventory serves to de ne the scope of the source control problem in
terms of identifying and classifying time and space variability within the
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Table 5. Standard Industrial Classi cation of PM and SO, Sources
in Lake and Porter Counties, Indiana
I.

Primary Metals Industry
A.
Steel Foundries
1) American Steel Foundry
2) Blan Knox Foundry
B.
Lead Foundries
1) Hammond Lead Foundry
C.
Gray Iron Foundry
1) Keencast Steel
D.

E.

Minerals Industry Stone, Clay,
Glass, and Concrete
Production
A.
Structural Clay Products
1) American Brick Co.
B.
Concrete, Cement, Gypsum
and Plaster Products
1) US. Gypsum

Aluminum Products

1)

Kaiser Aluminum
Primary Smelting and
Refining of Nonferrous

F.

G.

1)
1)
2)
3)
4)
1)
2)
3)

II.

III.

Metals
U.S.S. Lead Re nery
Iron and Steel Mills
Inland Steel
US. Steel
Youngstown Sheet and Tube
Bethlehem Steel
Rolling and Finishing Mills
Midwest Steel, National Steel
Corp.
Jones and Laughlin Steel
La Salle Steel

Petroleum Industry
A.
Refineries
1) American Oil Co. (AMOCO)
2) Atlantic Richfield Co. (ARCO)
B.
Petroleum Bulk Stations and
Terminals
1) Shell Oil Co.
2) Clark Oil Co.
3) Marathon Oil Co.

C.
IV.

2)

Universal Atlas

1)

Nonclay Refractories
Harbison Co.

Food and Kindred Products

A.
1)
V.

VI.

A.

Grain Mill Products Wet
Corn Milling
American Maize

Paper Mills
Georgia Pacific

Chemical Industry
Industrial and Inorganic
Chemicals
1) El. Du Pont
2) Stauffer Chemical
3) Union Carbide
B.
Chemical and Allied Products
1) American Chemical Service
2) Lever Brothers
3) Marbon Chemical
A.

VII.

Fabricated Metal Products
1) American Can Co.

VIII.

Paving and Roofing Materials
1) Globe Industries

Most point source emission inventories conducted in the past
utilized voluntary questionnaires. The 1970 and 1972 NEDS inventories
for Northwest Indiana were no exceptions. Past experience in this
inventory gathering methodology, however, did not produce suf cient
quantities of accurate and complete data for the proper evaluation of
control strategies utilizing the urban dispersion model. Not that this
methodology for developing an emission inventory would always produce
poor con dence data, but if the methodology is not managed properly and
executed uniformly, the results cannot be expected to fall within accept-
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ry
able limits of error. The methodology chosen for point source invento
quesgathering was therefore the mandatory (CAA Section 114 letters)
tionnaires. Section 114(a) of the CAA requires
For the purposes (i) of developing or assisting in the develop
ment of any implementation plan under Section 110 or 111 . . .
(1) the Administrator may require the owner or operator of any

(B)
emission source to (A) establish and maintain such records,

make such reports. . . (D) sample such emissions. . .and (E)
provide such other information, as he may reasonably require. . . .

After all the point source data is collected through Section 114, it will
have to be analyzed and properly formatted for input into CDM.
The area source inventory development methodology has to
ns
be established in a way which properly apportions the total emissio
the
within
I calculated on a county basis to smaller geographic units
county. This subcounty distribution of emissions into pre-selected grid
squares is required to accurately represent the area source inventory. A
special computer program called CAASE (Computer Assisted Area
Source Emissions)6 was used to calculate emissions from fuel consumption data. The CAASE program was also used to establish a grid system
and apportion these emissions to grid squares. The apportioning of
emissions from the county level was performed by assigning objective
apportioning factors (factors based on populations, housing units, grid
square area, etc.) for each of 54 area source categories. The objective
factor can be overridden with subjective apportioning factors if data is
available. This data would include speci c land use characteristics such as
air traf c statistics from airport records, the amount of land industrialization, etc. The input requirement for the CAASE program includes a
Master Enumeration District Listing magnetic tape (containing census
information for gridding and apportioning), and fuel consumption data
obtainable from private and governmental fuel distributors, marketers,
and associations. The fuel data are collected and stored in the NEDS area
source les at EPA s Research Triangle Park.
Nature of Operations and the Emissions from Iron and Steel, and
Fossil Fuel Combustion Sources (Other Than Power Plants)

Because of the diversity of the industries involved and their
numerous categories of operations, a thorough examination of the source
operations and emissions involved would be outside the scope of this
paper. The metals industry operations are highly intensive (an average of
26 MBtu are expended per ton of steel produced).7 Iron and steel mills
alone contribute a relatively important portion of the total national
particulate burden (3.4 MT in 1971),8 and a major portion of local
particulate problems. Since four major iron and steel mills and their
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related industries are located in the study region, a brief analysis of the
iron and steel portion of metal industries operations was one of the source
categories chosen for review.
For the purpose of this study full scale iron and steel mill
operations consist of the following processes: sintering, coke production,
blast furnace operation, open-hearth steelmaking (OH) or basic oxygenfurnace steelmaking (BOF), and electric arc furnace steelmaking. The

four major steel facilities which have operations in all of these areas are:
Bethlehem Steel Corporation, Burns Harbor; Inland Steel, Indiana Har
bor Works; U.S. Steel, Gary Works; and Youngston Sheet and Tube,

East Chicago. Midwest Steel of the National Steel Corporation in Porter
County is presently just a nishing mill but plans to complete a full scale
expansion program by 1979 to include all of the above process operations.
According to the 1972 NEDS inventory, the four present full-scale iron
and steel mill operations contributed 38 percent of the total particulate
emissions in Lake and Porter Counties. The total steelmaking operations
include 28 blast furnaces, 14 sintering plants, 10 scar ng operations, 51

open-hearth furnaces, 4 basic oxygen furnaces, and 26 coke oven batteries.9 Table 6 gives a major categorical breakdown of the PM and SO2
emissions from the total integrated operations of these processes and all
other major industrial processes and sources of fossil fuel combustion
(nonutility) in the area.
Each of the categorical processes within the integrated steel
mill has its own characteristics of operations, products, and emissions. At

Table 6.

Emissions From Within Major Point Source Categories
PM
(tons/yr)

l.

Primary Metals
1) Iron and Steel Mills (4)
ll. Secondary Metals
1) Gray Iron Foundries (1)
2) Steel Foundries (3)
A. 1 Electric Arc Furnace
B. 1 0H Furnace
III. Petroleum Industry
1 ) Refineries
IV. Chemical Industry
V. Mineral Industry
1) Asphalt Roo ng

VI.

2)

Concrete to Cement

1)

lnd./InstIt./Cornm.

3) Refractories
4) Gypsum Mfg
Combustion

502
(tons/yr)

35,977

502

2
2,481

20
20

1 ,885
62

64,985
14,181

11

0

3,550

5,816

44
195

o
0

20,130

90,072
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the sintering plant ore nes and reclaimed iron-containing dusts, sludge,
and scale generated in various iron and steelmaking processes are agglomerated. Sinter is obtained by mixing this agglomeration with limestone and coke, and then charging and igniting the mixture. The sinter is
then prepared for charging into blast furnaces. The emissions associated
with sinter plant operations are particulates that: (1) become entrained in
the combustion air as it is drawn through the sinter mixture into the
windbox, (2) are generated during the crushing and screening operation,
and (3) are generated during the cooling operation. 8 Coke oven batteries
are used to convert suitable grades of coal to metallurgical coke for
charging into the blast furnace. Fugitive particulate matter is the
primary emission from the coke production chain. The emissions occur to
varying degrees from the following operations:
(1) coal receiving and stockpiling
(2) coal grinding and handling
(3) coke oven charging and pushing
(4) coke quenching.
(OH) steelmaking is the oldest of the three steelmaking
hearth
Open
processes presently being used to produce raw steel. Basic oxygen
furnace (BOF) steelmaking is expanding rapidly and replacing the old OH
operations. The third and newest raw steelmaking process is called
Q-BOP, and has recently been introduced for commercial raw steel
production. Old OH furnaces are one of the largest contributors to PM
emissions at an iron and steel mill. Particulate emissions from BOF
operations occur at the hot metal transfer stations and the BOF vessel.
Finally, the electric-arc furnace has long been the established unit for the
production of alloy and stainless steels. Charging, scrap melting, oxygen
blowing, and tapping are major sources of particulate emissions.
Besides the process industries contribution to the PM and
SO2 emission inventory, fossil fuel combustion sources other than power
plants have a signi cant impact, particularly in SO2 emissions. Residential, commercial, institutional, and industrial stationary sources consti

tute the nonutility portion of all fuel combustion. The majority of these
sources can be classi ed as low level emitters (relatively short stacks).
Boilers and furnaces utilized by these sources contribute to air pollution
by the release of a variety of pollutants as products of fossil-fuel
combustion. Besides particulate matter and sulfur oxides, carbon monoxide, hydrocarbons, and nitrogen oxides are released to the atmosphere.
The levels at which these pollutants are emitted depend upon the design
and operation of the boiler or furnace and on the type of fuel red.
Assuming proper design and operation of the combustion equipment, fuel
becomes the most signi cant variable affecting emission levels.
Of the pollutants mentioned above, only particulates and
sulfur dioxide emissions generated from industrial (fuel combustion and
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process operations) point sources would be limited by Indiana s present
regulations. Since these regulations limit emissions on a total facility
rated capacity basis and not on a fuel sulfur content basis, residential and
commercial area sources are not limited in their emissions. These area
sources contribute only 0.5 percent of the total particulate emissions and
1 percent of the total sulfur dioxide emissions in Northwest Indiana.9
Industrial point sources, on the other hand, consume large
enough quantities of fuel to be limited by Indiana s regulations. These
sources in 1970 contributed 16 percent of the particulate dioxide emis
sions in Lake and Porter Counties.
Industrial process and combustion sources together have
considerable impact on the air quality in Northwest Indiana.
Future Research and Planning Objectives

Even if a comprehensive and complete emission inventory can
be compiled, problem areas associated within the framework of emission
inventory development and control strategy testing exist in areas where
fugitive emissions are signi cant. The Northwest Indiana region is an
area where the fugitive dust problem could have an important impact on
the air quality diSpersion modeling for control strategy development. Of
all the industries in the region, the metals industry would have the
greatest impact on fugitive dust emissions. This is mainly attributed to
the nature of the processes in steel operations previously described.
Fugitive particulate emissions are involved in each steel operation to
various degrees, depending on the control techniques being implemented
and the age of the process. A better de nition of the problem and its
magnitude (i.e., which processes are major contributors) within the

metallurgical industry remains to be determined.
The nature of fugitive emissions is instantaneous, intermittent, and difficult to quantify. Even if these emissions could be quanti ed
(through either direct measurement or estimated through existing emission factors) over a speci c time interval of release, their use in multi-

source urban models would need to assume a steady-state condition over

longer time intervals. If nonuniform emission intervals are frequent and
the magnitude of the differences between peaks and valleys within these
intervals are extreme, the assumption of pseudo-steady state (time
averaging) may possibly lead to signi cant erroneous emission averages.
Assuming that all fugitive particles are ne particulates can also lead to
erroneous results in the air quality modeling predictions, because these
models do not account for large particulate (greater than 20 microns in
diameter) deposition by gravitational settling. Also plume rise, which is
needed for calculating concentrations in dispersion models, is dif cult to
quantify for fugitive emissions.
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Two studies for the formulation of methodologies for the
analysis of fugitive emission monitoring and testing are presently being
conducted under EPA contract. The Research Corporation of New
England (TRC) is involved in the investigation of fugitive emissions from
industrial sources. The scope of work for the study involves rst, the
identi cation of sources of fugitive emissions Within industry categories
with proposals for candidate methods for measuring them (ambient
measurements). A second task involves the appraisal of a design program
to evaluate sources of prime concern (major fugitive contributors) and
the candidate methods of measuring these sources contributions. The
nal tasks require carrying out programs for testing pre-selected source
categories, the analysis of results and the preparation of speci c procedures for implementing sampling studies. The three measurement
methods which have thus far been proposed are:
(1) upwind/downwind ambient air sampling
(2) monitoring exhaust ef uents from enclosed volume
sources with roof monitors
(3) a quasi-stack emission measurement technique.10
A second study has just recently been completed by Clayton
Associates at the Bethlehem Burns Harbor steel plant. This study in
volves theinvestigation of coke-oven emissions with the following ob
jectives:
(1) to characterize and quantify the particulate pushing
emissions from the coke-side shed on Battery No. 1
(2) to correlate the emission data acquired above with applicable process and operational data for determining an emission fac
tor for this battery
(3) to characterize particle size distribution and analyze
particle metallics composition.
The reasons for choosing Bethlehem Steel s No. 1 coke-oven
battery for this testing program were: this coke-oven battery is shedded
and the particles are exhausted through ports from which emissions could
be measured; coke ovens are important fugitive sources in the area;

better emission factors are needed for coke-oven operations; and little or
no technical information on coke pushing emissions is available to governmental agencies regulating these sources.
The results from this testing and the study being conducted
by TRC would give us a good start on correcting some of the present
inaccuracies in emission inventory compilation and development.
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Sources of Aquatic Pollutants other
than Power Plants
H. Lawrence Dyer
Energy and Environmental Systems Division, Argonne National
Laboratory, Argonne, Illinois

ources of potential water pollution include domestic, inS dustrial, mining (including mineral extraction), agricultural, urban, and residential activities. Domestic and industrial sources
are generally referred to as point source waste loads, in that they enter
the aquatic system from a pipe (point). The remaining sources are
generally referred to as nonpoint source waste loads because they enter
the aquatic system over an area, primarily due to meteorological episodes.
Both point and nonpoint sources of waste loads require quan
ti cation in terms of magnitude of ow and constituents (pollutants)
contained. The purpose of this paper is to identify existing methods for
waste load quanti cation. Transport mechanisms for pollutants in aquatic
systems are not presented. The views expressed are those of the author
and are based primarily on working experience gleaned from problems
encountered in developing wastewater management analysis models.
Domestic Sources

Domestic sources of waste are households, hotels, hospitals,
restaurants, and mercantile buildings. The quantities of waste water and
the contained constituents are a function of people and their activities.
Additionally, human body wastes are a function of such things as age,
sex, and nutrition. All of these factors are generally re ected in numbers
expressing an average quantity of waste water produced and its constituents. Typical parameters are presented in Table 1.
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Table 1. Flow and Emission Factors for Untreated Domestic Waste
Wastewater Flow 100 gallons/capita/day U.S. Average Constituents (pounds/capita/day)
Minerals

Organic

Total

3005

COD

0.23

0.32

0.55

0.19

0.13

Total

The applicability of the above numbers to speci c areas of the
country is speculative in that some quantities due to ground-water
intrusion, storm water, or industrial activity may be inherent in the
values. Individual studies of household or other domestic sources of
water use (from meter readings) have not been done on a wide scale. In
instances where the reported ow factor of 100 gallons/capita/day has
been researched, values of from 60 to 90 g/c/d have resulted. Addition
ally, the solids and organic constituents vary with area. In those areas
where garbage is disposed of via the sewer system, the reported factors
may be appreciably low. The factors presented in Table 1 were used in a
wastewater management study of the Rock River basin in Illinois.2 The
predicted waste quantities appeared reasonable to the various agencies in
that region concerned with waste treatment.
Another source of waste water arising from domestic opera
tions is solid waste disposal. In the United States, approximately 75
percent of all solid waste is disposed of in sanitary land lls.3 Such a
disposal method can cause substantial pollution to ground water as well
as to rivers and lakes. While the potential for pollution is large, little
knowledge exists concerning either the quanti cation of the hazard or the
transport mechanisms from waste disposal sites to aquatic systems.
Regulations, including permits, are in force attempting to minimize the
potential pollution, and some research is in progress (USEPA Of ce of
Solid Waste Management) toward understanding the leaching process.
Industrial Sources

The term industrial source is generally applied to manufacturing industries only. Other sectors of the economy such as retailing,
transportation, utilities, etc., are usually included in the domestic source
category because their waste water is primarily human wastes, except
for utilities (power plants). The distinction does not provide much limitation for pollution source quanti cation, however, because there are
literally thousands of products and processes Within the manufacturing
industrial sector.
Manufacturing industries have been categorized according to
a Standard Industrial Classi cation (SIC) numbering scheme. The code
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numbers range from two- to ve-digit integers. Two and three digit
codes indicate aggregates of products while four and ve digit codes
denote speci c products or industrial plants. Hence, industries in speci c
locations are generally denoted by a four-digit code number. The number
of industries of interest to pollution studies may be limited through a
consideration of the magnitude of e iuent. This method assumes a linear
relationship between waste water magnitude and pollution potential,
which is not always true (e.g., metal plating industries), but has nevertheless been widely applied.
Prior to the advent of the N PDES,

industrial water use was

reported by the Bureau of the Census, Census of Manufactures} These
published values as well asother studies -7 provided a basis for isolating
wastewater-intensive industries as well as for quantifying ows and
constituent concentrations. A study at the Energy and Environmental
Systems Division of Argonne National Laboratory in 1972 used such an
approach. By classi cation of waste water magnitudes (1963 data), ve
dominant SIC two-digit industries were isolated. Two additional industrial categories were added due to available data. Those industries and
their waste water quantities are identi ed in Table 2.
By de nition, a SIC two-digit category is composed of 10
three-digit categories, each of which comprises 10 subcategories, etc.,
until either a four- or ve digit integer is constructed. In a similar
manner for isolating gross categories of importance, dominant subcategories (3 digit code numbers) may be identi ed again with respect to the
magnitude of wastewater. Reference eight describes the methodology
used by EES/AN L in isolating dominant industries and presents a
measure of the validity of such an approach.
The result of the EES study was a list of seven 2 digit
categories, comprising twelve 3 digit aggregates of industries of importance as potential sources of aquatic pollution. Additionally, foreach
aggregate group, ow emission and reduction factors were derived. The
isolated industries and their quantifying parameters are presented in
Table 3.
Flow, emission, and reduction factors are abstractions relating wastewater and its constituents to production and employment levels
in speci c industries. The reason for such an abstraction is primarily the
greater availability of employment records and statistics coupled with
the relative ease of projecting economic activity, as opposed to wastewater stream parameters. By de nition a ow factor is the quantity of
wastewater (including cooling and process) discharged in units of gallons/ton production/year; hence, there exists an emission factor for each
constituent in the waste stream, and a reduction factor represents the
level of emission control exercised by a waste generating agency. Each
emission factor has a reduction factor associated with it. By de ning
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Industrial Wastewater Quantities, 1963
Industry

Wastewater

Percent

(10° gal)

of Total

1.
2.
3.

Food and Kindred products
Textile Mill Production
Paper and Allied products

0.69
0.14
1.90

5.26
1.07
14.5

4.

Chemicals and Allied products

3.70

28.2

Petroleum and Coal products
Rubber and Plastics
Primary Metals
Machinery
Electrical Machinery
Transportation Equipment
Other Manufacturing

1.30
0.16
4.30
0.15
0.09
0.24
0.45

9.9
1.22
32.8
1.05
0.70
1.83
3.47

5.
6.
7.
8.
9.
10.
11.

TOTAL

13.9

100.0

Selected Industries
Primary Metals
Chemicals and Allied Products
Food and Kindred Products
Pulp, Paper, and Allied Products
Petroleum and Coal Products
Leather Tanning Industry
Textile Mill Production

SIC 33
SIC 28
SIC 20
SIC 26
SIC 29
SIC 31
SIC 22

emission factors as gross pollutant levels for a process, the reduction
factors become dynamic (functions of time) re ecting such innovations as
recycling, new process technology, control technology, etc. Waste parameters are related to employment levels via an industrial productivity
level. Industrial productivity by de nition represents the quantity (tons)
of product generated per employee. Both productivity base levels and
trend data are available from the Bureau of Labor.9 Productivity values

are industry (SIC) dependent and dynamic, accounting primatin for
technology changes in production processes. Thus, from employment in
industry x located in area y at time t, a representative productivity level
(tons/employee) and industrial waste parameters, a waste load is es-

timated as follows:

Flow = ow factor (g/T/y)x >< productivity (T/e)
>< employment (e),.,_. = wastewater (gallons/yeah. ,1
Constituent = emission factor (i)x (lb/T/yr)
x productivity (T/e) X employment (43) .

x (1

reduction factor) = (pounds/year)._..,,.

and
Concentration of i = (pounds/year)...,y.. + (gallons/year)x.y.t
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Table 3.

Flow, Emission, and Reduction Factors for Manufacturing

Industries (National Data, 1960s). Emission Factors in Units of
Pounds of Waste Per Ton of Production.
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The dif culties with such a method are centered in the level of
aggregation required to produce the waste parameters and the paucity of
data to support such aggregations. For example, if four- and ve-digit
industrial data can be aggregated into parameters for three-digit industries, then three digit industries could be aggregated in parameters for
two-digit industries. If the data are consistent, the waste parameter will
be different for each category, but when multiplied by representative
employment values, consistent waste quantities should result. Such
veri cations have been attempted and have shown little consistency in
the generated waste factors. The results of an application of the waste
parameters presented in Table 3 to portions of Illinois2 indicated that the
method tends to overestimate both ef uent quantity and pollutant loadmgs.
With the advent of the NPDES program, individual indus
tries were required to obtain permits for discharging ef uent streams
into aquatic systems. Within the application process, both intake (quantity/quality) and effluent (quantity/quality) have to be speci ed. A recent
program by the Energy and Environmental Systems Division for the St.
Louis District, U.S. Army Corps of Engineers, involved using both
NPDES permit data for the St. Louis region and the industrial parameters presented in Table 3, to devise a methodology for characterizing,
projecting, and allocating industrial activity in their study area.
The study followed the same methodology as the original EES
1972 project. From the permit data, aggregates of two- and three-digit
industries in terms of wastewater magnitude were formed and used to
isolate the dominant industries for further consideration. Additionally,
the permit data for the isolated industries were used to compute ow,

emission, and reduction factors; and existing and/or derived industrial
productivity values were used. The most interesting facet of the study
was the compatability between the previously developed waste parameters based on 1963 69 data from a national survey and the 1973 St.

Louis area-dependent permit data. A comparison indicated that consis-

tent orders of magnitude had been achieved. The computed waste
parameters are presented in Table 4.
The methodology of constructing an emissions inventory for
industrial sources of aquatic pollutants appears to be valid for comprehensive studies, basin-scale, involving analyses of both present and
future conditions, including management policies. The need for such
studies, except in terms of economic impact or specialized studies, may
be compromised somewhat by Titles III and VI of the Federal Water
Pollution Control Act Amendments (PL 92 500) of 1972, from which
ef uent standards have been set. Ef uent standards for manufacturing

industries have been published in the Federal Register; 1° and the central
areas of contention focus on the ability of industries to achieve such
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Table 4. Flow, Emission, and Reduction Factors for Manufacturing
Industries, (St. Louis Area Data, 1973). Emission Factors in Units of
Pounds of Waste Per Ton of Production.
I-wi
(3. ? u)

21:1
202
223
2:0
293
221
242
23»;
250
2:11
321
312
331

V1520
{1_1_. /lrn\

1570
1010
4300
(.330
113120
11300
1830
2880
3000
600
0500
1125
11100

1N1. Prod
((On/r mp)

100
540
339
249
201
00
71
80
80
6000
195
155
280

1mm
1L :1.

02.5
19.0
2.1
91.0
202.0
05.0
10.0
33.0
11.0
0.3
4.0
0.2
2.0

0.74
0.788
0.5
0.03
0.5
0. 6
0.9
0.6
0.5
0.7
0.7
0.5
0.5

55
Iii-7

20.0
1. 8
10.0
335.
54.0
84.0
0.0
8.2
27.0
0.13
2000.
8.0
6.0

1117

,
l

171

7:13.511)
121v

0.5 l 0.22
5
0.5
5 \.
0.5
0.15 301.
42.1.
0.5
0.5 105.
1». z
0.85
9
0.5
2 .0
0.5
4.1
0.5
84.
0.5
3.9
0.5
50.7
0.5

0 1
0 1
0 1
0,1
0 1
0.1
011
0.1
0.1
0 1
o 1
01
o 1

151

co

112.0
7.2
120.
150.
302.
02.0
3 0
31 0
18.0
0.6
7.5
0.2
4.6

1 1"

0.1
0 1
0 1
01
0 1
0.1
0,1
0.1
0.1
0.1
0.1
0.1
0.1

levels of control and the validity of the published standards. Thus, three
choices arise: court tests of the recommended standards (and hence the
methods used to set them); compliance through control technology (endof-pipe treatment); or discharge into a municipal sewer system. All three
choices are being pursued simultaneously by various industries. Both
control technology (available) and municipal system disposal involve
tremendous additional problems related both to technology and to economics (i.e., user charges).
The relationship of these events to the above methodology is
that inventories of ow, emission, and reduction factors probably will not
re ect most recent changes in treatment levels prior to ef uent dis
charge, and the results of utilizing such parameters might invalidate a
study. Also, recycle factors for process and/or cooling water (both are
combined in the ow factors) are not explicitly accounted. The recycling
or process water will be signi cant and must be included in wastewater
analyses, particularly with respect to pollutant concentration calcula
tions.11 Alternatively, to assume that industries within a study area will
or are achieving published standards would probably yield similar problems because of the unknown implementation schedule for those stand
ards. The only reliable method is to obtain copies of the permit applications for those industries of interest within a study area and use that
reported data. Gaps in data could be lled by eld surveys (monitoring
programs), industrial surveys, or a combination of both.
Nonpoint Sources

Nonpoint source water pollution is a general term referring to
all forms of indirect ow and contained constituents entering aquatic
systems, usually as a direct result of meteorological episodes. Part of this
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general category of problems are runoff ows from such diverse activities

as agriculture including crops, fertilizers, livestock, pesticides, and herbicides; coal and mineral extractions from both deep and strip minesy
construction activities; and urban activities such as storm water runoff.

The magnitude of nonpoint sources of pollution is much
greater than that of point source pollution both in terms of quantity of
ow and degree of dif culty in quantifying (measuring and monitoring)
the problems. A study in the Rock River basin of Illinois2 showed that
both the quantity ( ow) and BOD5 content of runoff, on a yearly average
basis, exceeded point source values by at least one order of magnitude.
Quanti cation of nonpoint phenomena is complicated because of the
diverse activities occurring, the physical nature of land, and the me
teorological factors, all of which must be considered in a coupled mode.
The land use activities were mentioned above. The physical nature of the
land involves surface condition (grass, concrete, sand, etc.) soils, geol-

ogy, and slope, in addition to surface/land parameters of permeability,
absorption rates, etc. Meteorological factors include storms in terms of
frequency and duration, the form of precipitation (i.e., rain or snow),
temperature, climate, etc.

Quanti cation methods similar to those used for industrial
source quanti cation are not applicable (although sometimes used) primarily because some abstraction or average values for meteorological
events must be used. Monthly values for average precipitation records in
areas of the country are available; however, monthly variations in those
mean values can be as large as i 40 percent. Additionally, monthly or
average records are not valid in that the entirety of the precipitation
could have been composed of many small rain showers of short duration
such that the moisture was absorbed or runoff from impervious surfaces
was minimal. Alternatively, the entirety of precipitation could have
comprised a few, long duration, intense storms resulting in large quantities of runoff from all surfaces. It is only those intense storms that result
in the transport of water and surface (activity) attributes into aquatic
systems. However, transport through porous media (soils) could cause
both ow and surface pollutants to enter ground-water systems via
frequent, low-intensity episodes.
There has been a large volume of research published in the
past ve years discussing the nonpoint source problem. Much more
research and modeling is currently in progress, primarily under the
impetus of PL 92 500. In 1972, an attempt was made to quantify runoff
phenomena in terms of yearly or monthly average values from urban,
residential, agricultural, and mining activities.8 The methodology involved a literature review to identify substances contained in the runoff
ows, as a function of activity, and coef cients of runoff for various types
of land surfaces. The activity-dependent constituents were characterized
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Table 5.

l

Flow, Emission, and Reduction Factors for Nonpoint

FLOW

ANIMAL WA (S
In ldll jl/ ur

lolccu/

cussmcnm pal/vows

Si is
ANIMAL
lulu-null In!

so
a
\
2

Runoff Flow Characteristics (lb/acre/year)
Area Description
Rangeland, low agricultural activity, no chemical fertilizer used
Rural runoi f, no human waste water into stream
Non-fertilized agricultural areas
90% farm occupied land (types of farm unknown)
Agricultural areas: Wisconsin and Illinois
Agricultural area, Illinois, approximately 80% ot the area in crops
Kaskaskla River Basin

Total N

Total P

0.56
2.13
3.0
1.1
7.04
7.34
20.5

0.067
0.24
0.1
0.403
0.05

Sources of Aquatic Pollutants

111

in terms of pounds per acre per year. They were coupled with meteorological data as follows: if R(j,t) denotes an average annual rainfall in
location j at time t, and A(i,j,t) denotes a land utilization category i (crop,

pasture, rural, urban, etc.) in location j at time t, then the average runoff
ow is
runoff flow (i,j,t) = R(j,t) o A(i,j,t) - C

where C is a coef cient of runoff. Emission factors for waste type k
related to land activity i, EF (k,i), coupled with a land utilization category

A(i,j,t) yields the quantity of waste resulting from runoff
waste (k,i,j,t) = EF(k,i) - A(i,j,t)
which could be converted into a concentration
concentration (k,i,j,t,) = waste (k,i,j,t)

runoff ow (i,j,t)

This method is highly dependent on essentially unknown values of runoff
coef cients and yearly average meteorological data. Reduction factors
may be associated with the emission factors to provide an estimate of the
quantity of constituents that is carried along with the runoff ow,
however, realistically this only adds an additional unknown into the
computational procedure.
In a similar manner, emission factors for mining activities
were developed. Factors for mining and agricultural activities are presented in Table 5 along with runoff ow characteristics for various areas
showing the high variability in reported values. I
A considerable amount of research and development has been
dedicated to urban stormwater problems, primarily because of their
large impact on either municipal treatment systems or receiving waters
during periods of intense precipitation. These efforts have produced at
least two mathematical models the Storm Water Management Model
(SWMM)12 and Urban Storm Water Runoff: STORM. 3 Both of these

models use episode meteorological data in terms of storm intensity and

duration curves (hyetographs), converted into runoff quantity as a function of time in conjunction with transport mechanisms, treatment/storage methods, and aquatic systems response. The procedures
used in these models were presented as a short course on the Applications of Storm Water Management Models, at the University of Massachusetts, Division of Continuing Education, in August 1974. The course
was sponsored by the USEPA, Storm and Combined Sewer Section,

Edison, New Jersey. The extension of these efforts to agricultural,
mining, residential, and other phenomena has not been implemented.

Although the hydrodynamics should be applicable, additional parameters
for runoff coef cients and carried along constituents would be required.
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The efforts currently in progress, related to agricultural practices including both crop and livestock raising operations, mining and construction activities, could be used in conjunction with portions of existing
models for the quanti cation aspects of nonpoint sources of aquatic
pollutants.
Conclusions

Sources of aquatic pollutants other than power plants include
domestic and manufacturing industrial activities as well as a multitude of
diverse nonpoint sources. Domestic ef uents are usually expressed as
both ow and emission factors representing quantities requiring treat
ment prior to insertion into aquatic systems. The use of the average
factors for speci c areas is questionable, but experience has indicated a
general acceptance and reasonableness of the waste loads estimated from
them.
Similarly ow, emission, and reduction factors for selected
manufacturing industries exist. Most were developed from circa 1965
national-scale data and their applicability to speci c areas is questionable.
The impact of PL 92 500 in terms of ef uent standards restricts the
applicability of such parameters, but provides sources of additional data
in terms of permit applications and monitoring programs.
Nonpoint or indirect sources of pollution exceed direct
sources by at least one order of magnitude in quantity/quality as well as
in the degree of dif culty in quanti cation. Generalized, activity-depen
dent parameters exist which can be coupled with average meteorological
data to produce average estimates of quantity/quality. However, the
gaps in data coupled with the utility of average quantity/quality parameters severely limits the applicability of such an approach. A large
effort to understand runoff phenomena is underway. These efforts have
produced models for urban stormwater quanti cation, transport, treat
ment, and aquatic systems impact. The quanti cation aspects of these
models, coupled with existing or emerging literature on other than urban
activities, provides a basis for additional quanti cation studies.
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Characterization of Atmospheric
Pollutants
from Power Plants
D. F. S. Natusch
Professor of Chemistry, Colorado State University, Fort Collins,
Colorado
F ossil-fueled power plants constitute a ubiquitous source of
air pollutants in most developed countries. In the United
States they have the dubious distinction of ranking third to motor
vehicles and industry in total emissions and contribute approximately 25
percent of the particulates, 45 percent of the oxides of sulfur, and 25

percent of the oxides of nitrogen emitted nationwide.
At the present time approximately 80 percent of the electric
power generated in the United States is derived from the combustion of
fossil fuels. Of this total, coal combustion accounts for approximately 70
percent the balance being made up bynatural gas and oil. It is now
apparent, however, that increased coal utilization will be the main source
of the nation s electrical energy for the next several decades and that
much of the coal may come from midwestern elds.
While particulates, sulfur oxides, nitrogen oxides, carbon
monoxide, and a variety of aliphatic organic compounds constitute the
major atmospheric emissions from fossil-fueled power plants (Table 1),
signi cant amounts of trace metals and metalloids, acid mists, and
polycyclic organic species are also produced. Most of these so-called
minor pollutants are emitted in particulate form and many are highly
toxic to living organisms. In discussing the characteristics of pollutant
emissions, therefore, emphasis is placed not only on the amounts emit
ted, but also on the manner in which both major and minor pollutants
attain their nal form and on the physical and chemical nature of the
emitted material.

Atmospheric Pollutants from Power Plants
Table 1.
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Average Air Pollution Emissions From Power Plants Ac-

cording to Fuel Type (pounds per 1000 pounds of fuel)1
Fuel

Partlcles

CO

NC

NO)(

Coal
Oil

B5
(1 E)
1.7 (1-E)

0.25
0.07

0.1
0.5

10
17

Natural Gas

2.7 (1 E)

neg.

neg.

70

50,,

HCOH

19 S
19 S

0.002
0.1

19 S

0.2

'E is the mass collection efficiency of the control equipment.
S is the percent sulfur content of the fuel by weight.

Sulfur Oxides

In the absence of controls the amount of sulfur oxides emitted
from a power plant is directly related to the sulfur content of the fuel
burned. The average sulfur content of US. coals is about 2.5 percent
with about one-third of current production having less than 1 percent
sulfur and thereby classifying as low sulfur coal. The sulfur is present
naturally both as pyrite (metal sul des) and as organic sulfur compounds.
Residual fuel oils contain between 0.7 and 5.5 percent2 of sulfur in the
form of dissolved HZS, elemental sulfur, and organic sulfur compounds.
About one-quarter of the United States supply contains less than 1
percent sulfur. Natural gas used for power generation is typically very
low in sulfur (which is present primarily as H28). 3
While reducing conditions occur in parts of the fuel combustion zone of a power plant so that sulfur may initially be gasi ed as HZS or
S, rapid high temperature oxidation of these species to SO2 occurs both
during and immediately following combustion. Inaddition, the reversible
reaction
2802 + 02 2 2803

(1)

can take place, so that between 1 and 10 percent of the sulfur may be
emitted as 8033*5 The actual amount of 803 emitted depends upon the
temperature pro le in an individual plant. The reaction rates associated
with Reaction 1 are fairly slow so that high temperatures promote more
rapid attainment of equilibrium and thus SO3 production. However, high
temperatures also drive the equilibrium to the left (i.e., towards S02).

The net result is that fossil-fueled power plants most commonly emit
about 1 to 2 percent of the sulfur as 803, which rapidly reacts with water
vapor to produce sulfuric acid. A small amount of the 802 is also

chemisorbed by y ash particles to form metallic sulfates, primarily iron.

Overall, it is estimated that approximately 95 percent of the
sulfur present in fossil fuels is emitted in the form of sulfur oxides. This
amounts to 19 S pounds of SO2 per 1000 pounds of fuel Where S is the
weight percentage of sulfur in the fuel. The actual 802 concentrations
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appearing at the stack exit depend, of course, on the ratio of feed air to
fuel consumption as well as on the sulfur content of the fuel. Typical
values lie in the range 500 to 3000 ppm with 1000 to 2000 ppm being most
commonly encountered in the absence of control.
Nitrogen Oxides

By contrast with sulfur oxides, which are derived from sulfur
present in the fuel, nitrogen oxides produced by fossil-fueled power
plants are derived primarily from xation (oxidation) of atmospheric
nitrogen present in the combustion feed air according to the reactions7
and

N2 + 02 :2 2N0

(2)

2N + 02 2 2N02

(3)

Consequently, nitrogen oxides cannot be effectively controlled by selection or pretreatment of fuel.
The extent of nitric oxide formation depends primarily on the
O2 and N2 contents of the feed air, the combustion temperature, and the

average residence time of the oxygen and nitrogen molecules in the
combustion zone -9 These dependences, which are reproduced from reference 8, are indicated in Figures 1 through 4 and are summarized by the
experimental equation8

[N0]_,,,,,, = 5.2 x 10th - exp [42,300 T] P0;- PNZ

(I)

where t is the residence time in seconds, T is the absolute temperature,
and P02 and PN2 are, respectively, the partial pressures of oxygen and
nitrogen in the feed air.
The amount of nitrogen dioxide (N02) formed during combustion is generally much less than than that of NO, and its rate of
formation depends upon the O2 and N2~concentrations according to the
relation
dl

0c

(PNU)2 ' P02

dt
The temperature dependence of NO2 formation by Reaction 3 is analogous to that of 803 formation by Reaction 1. Thus, high temperatures
promote attainment of equilibrium and hence N02 formation, but they
move the position of equilibrium in Reaction 3 to the left. In practical
situations, therefore, the amount of N02 formed depends primarily on
the amount of NO formed and thus on the combustion temperature.
Representative emission factors for NO and N02 combined
are given in Table 1 although it should be recognized that NOX emissions
are not directly related to the amount of fuel consumed. Rather, they
depend on the feed rate of air supporting combustion. Actual concentra-
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tions of NOx are normally in the range 300 to 1300 ppm in stack
emissions. Signi cantly higher concentrations are produced during natural gas combustion than during combustion of coal or oil (Table 1).
It is interesting to note that the relatively low temperatures
involved in many proposed coal gasi cation processes 1" operating at
elevated pressures will markedly reduce N Ox formation since Reaction 2

is essentially independent of pressure. On the other hand, a few gasi -

cation processes operating at extremely high temperatures (~2000°C and
above) have been proposed. Here also NOx formation may be reduced, or

even eliminated, since NO production rapidly falls off above 1900°C
(Figure 1) due to the onset of N0 dissociation by the reverse process of
Reaction 2.

Carbon Monoxide
As can be seen from the data in Table 1, carbon monoxide

emissions from fossil-fueled power plants are negligible where the fuel is
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natural gas. The higher emission factors given for oil and coal- red power
plants are directly related to the ef ciency with which high temperature
oxidation of CO takes place in the combustion region.
In general terms fossil fuel combustion can be thought of as
taking place in three distinct zones. In the rst, or oxidation zone, the
reaction
C

+

02

>

occurs. The 003 is then exposed to a reduction zone where the reaction
C02 + C > ZCO

(4)

takes place. Finally, at the periphery of the combustion region, CO is
oxidized by secondary air such that
2C0 + 02 > 2002

(5)

At normal combustion temperatures Reaction 4 is about ten times
faster than Reaction 5 so that complete oxidation of CO is strongly
dependent on the availability of oxygen at a suf ciently high temperature
for Reaction 5 to take place. This requirement is achieved for gaseous
fuels and, to a lesser extent, for liquid 'fuels, both of which are well

dispersed with respect to the oxygen supply. Combustion of coal, however, takes place in a bed where the e iciency of CO oxidation depends
more sensitively on the amount and con guration of the secondary air
supply.
As pointed out previously, CO emissions from fossil-fueled
power plants do not contribute greatly (~2 percent) to the anthropogenic
CO inventory. Stack concentrations are normally in the range 200 700
ppm but canvary greatly depending on operating conditions.
Particles

Particulate emissions from coal- red power plants constitute
a major air pollution control problem. By comparison oil- and gas- red
plants emit relatively small amounts of particles (Table 1). Consequently
current emphasis is on the characterization of y ash from coal- red
power plants.
Fly ash from coal combustion constitutes a much more complex physical and chemical system than do the gaseous pollutants previously discussed. Not only do the physicochemical characteristics of the
bulk particles in uence their environmental impact, but these particles
also contain a wide variety of more or less toxic trace constituents
including metals, metalloids, and organic species. It is appropriate,
therefore, to consider y ash in terms of its bulk properties, its trace
element constituents, and its organic constituents. It should be stressed,
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however, that y ash is heterogeneous and that its composition can vary
quite dramatically between different coal types and power plant operat
ing conditions.
Bulk Properties

Particles emitted from coal combustion are primarily inor
ganic in nature being derived from mineral impurities present in the coal.
Consequently the amount of mineral matter present in a given coal
strongly in uences the particle emission factor of that coal. Oil and
natural gas, which contain only small amounts of inorganic impurities,
have much lower particle emission factors than coal and a larger proportion of these particles are carbonaceous as compared to coal y ash.
The major elemental constituents of coal y ash are Si, Al,
Fe, K, and Ca. Some typical composition ranges representative of both
the eastern and western US. coal y ashes are presented as the weight
percent of the oxides in Table 2.12 In general, western US. coals have a
higher ash content and exhibit higher alkali and alkaline earth metal
contents than eastern coals, which are typically high insulfur.
Table 2. Typical Matrix Element Composition Ranges of Some u.s.
Coal Fly Ashes Expressed as Weight Percentages of the Oxides.12
Major Constituents
AI,O3
14 30

SIC;
22-60

Fe203
3 21

K20
0.2 3.5

CaO
Dir-31.0

Minor Constituents
Lizo

N820

0.01-0.07

0.2 2.3

0.7 12.7

0.5-2.6

P205

504

0.1-1.1

0.1 2.2

"Soluble sulfate

During combustion in a power plant the major aluminosilicate
impurities in coal melt forming small, mostly spherical particles. These
particles exhibit no signi cant X-ray diffraction patterns and are, in
many cases, transparent under an optical microscope. In fact the composition of y ash is closely similar to that of silicate glass with individual
particles containing widely different amounts of iron and various trace
impurities. 3 In addition some elemental carbon (soot) particles are pres-

ent. It is interesting to note that much of the iron present occurs as

ferromagnetic Fe304, and for some y ashes as much as 95 percent of the

mass can be separated magnetically.13 This suggests the possibility of
magnetic collection of y ash, although such collection could not be
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universally applied since the proportion of ferromagnetic mass varies
widely between different y ashes.
The aerodynamic equivalent mass median diameters of coal
y ashes emitted from uncontrolled power plants typically lie in the range

8 to 30 um - and the mass is, to a reasonable approximation, log normally

distributed. *-" The mass median diameters of y ashes emitted from
control devices are considerably smaller than indicated above and depend
largely on the collection ef ciency of the control devices. In the case of
electrostatic precipitation, removal ef ciencies as high as 98 percent by
weight are claimed and mass median diameters of y ashes emitted from
these devices are typically in the range 0.5 to 2.0 pm. The ef ciency of
essentially all currently operating particle control devices falls off with
decreasing aerodynamic particle size below about 1 to 2 pm, however,
and it is these submicrometer size particles which are of primary concern
since they have long atmospheric residence times, provide large speci c
surface areas for heterogeneous reactions, contribute greatly to visibility
reduction, and are deposited mainly in the innermost (pulmonary) region
of the human respiratory system when inhaled.
The morphological characteristics of coal fly ash can be classi ed into four types. 1 The rst consists of non spherical clinkers which
occur mostly as very large particles and are rarely emitted to the
atmosphere. The second type involves solid spheres. Essentially all y
ash particles having physical diameters less than about 5 to 10 um are
solid with densities close to 2.7 gm cm . The third type consists of hollow

spheres. These may have either quite thick or extremely thin (<1 um)

shells, and they predominate in the physical size range 20 to 60 um. The
most intriguing particles are the fourth type, which consists of hollow
particles

lled with large numbers (10 200) of small solid particles

(Figure 5). These occur primarily in the physical size range 20 to 60 um
and preliminary studies indicate that between 20 and 40 percent of the
mass of particles smaller than about 5 to 10 um may be present as
encapsulated particles in y ashes emitted from coal- red power plants.
The occurrence of hollow and encapsulating particles may be
of considerable signi cance from an environmental standpoint. In the
case of hollow particles the low density, and thus small aerodynamic
diameter, will enhance the probability of their emission compared with
solid particles having the same physical diameter. In addition, these
particles tend to behave like ping pong balls on impaction so that they
may bounce off collection surfaces. This is particularly important in
determining particle size distributions using cascade impactors. The phenomenon of particle encapsulation may, however,
represent a very positive factor in particle control. Thus, the aerodynamic size range of the encapsulating particles (22 to 66 um) ensures that
they will be ef ciently collected by most particle control devices thus
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Figure 5.

12]

A 10 um Fly Ash Particle Showing Encapsulated Spheres

preventing emission of the small, less easily collected, particles encased
inside them. In short, particle encapsulation may represent a signi cant
natural process for the control of undesirable submicrometer size par-

ticles.13

Particulate Trace Elements

As a result of their geological origins, coal and oil contain

essentially all known stable elements in trace amounts. The elements Hg,

Z1" Zn, Cd, As, Pb, Mn, and Mo occur in association with inorganic
material in coal mainly in the pyritic fraction. Ge, Be, and B show
marked organic association. P, Ga, Ti, Sb, and V are associated with both
organic and inorganic material in coal but show a preference for organic
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association whereas Co, Ni, Cr, Se, and Cu tend to be associated more

with inorganic impurities.19 Trace element concentrations in oil are much

lower than in coal with the notable exception of vanadium which is

present as organic porphyrin complexes. During combustion these trace
elements are partitioned between bottom ash and y ash although most
of the Hg, Br, and Se are emitted as elemental vapors?"

The speci c concentrations (pg/gm) of individual trace elements found in coal and oil y ashes depend primarily on the trace
element content of the original fuel. In general, a y ash which contains
high concentrations of one trace element will also have high concentrations of most others as well. However, the relative concentrations may
differ markedly between y ash and fuel due to the different partitioning
characteristics of individual trace elements between bottom ash and y
ash. Table 3 lists some representative speci c concentrations and volume
concentrations (pg/m3) of particulate trace elements emitted from coaland oil- red power plants. Volume concentrations will, of course, vary
greatly with plant operating parameters as well as with fuel type.
One partitioning mechanism thought to be of importance in
power plants involves high temperature volatilization of certain trace
elements (or their compounds) followed by their condensation onto the
surface of entrained y ash particles as the temperature falls. 6'21 This
behavior would account for the observation that volatilizable trace eleTable 3.

Specific Concentrations (pg/gm) and Volume Concentra-

tions (pg/m3) of Trace Elements in Coal and Oil Fly Ash?"25
Coal Fly Ash
Element
As
Ba
Be
Cd
Co
Cr
Cu
Hg
Mn
Mo
Ni
Pb
Sb
Se
Sn
V
Zn

ug/gm
10 500
1 00 1 000
1 10
1 0 100
1 0 1 00
1 0-1 000
10-1000
0.1 -1 .0
100 1000
1 0 100
1 0 1 000
1 00 5000
1-100
1 0-1 00
1-10
50 5000
1 GOO-10,000

ug/m3
60 90
30 1 1 0

Oil Fly Ash
pig/gm
30
9000

1- 5
8 20

90
66

12 40

45

1 0 25
1 0 15
1-2
8-1 8
5-60
20 70

ug/ma
5
1 600

16
12

8
.
__

5
5
._
1 00 1 00,000
3500

1
1

_
1 000 1 200
640
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ments are preferentially enriched in y ash as compared to bottom ash. It
also accounts for the fact that some elements exhibit a noticeable increase
in speci c concentration with decreasing particle size (Table 4). The
increase, which is a direct result of the dependence of speci c surface
area on particle size, is very marked when concentrations are plotted
against the BET surface area of y ash particles. -22
Table 4. Dependences of Specific Concentrations (pg/gm) of Some
Trace Elements on the Aerodynamic Particle Diameter in a Represensative Coal Fly Ash
Particle
diameter

(am)
>113
7.3 1 1 .3
4.7- 7.3
3.3 4.7
2.1 3.3
1.1 2.1

As

Cd

Cr

Ni

Pb

Sb

Se

Ti

680
800
1000
900
1200
1700

13
15
18
22
26
35

740
290
460
470
1500
3300

460
400
440
5-10
900
1600

1100
1200
1500
1 550
1500
1600

17
27
34
34
37
53

13
11
16
16
19
59

29
40
62
67
65
76

V

Zn

150 8100
240 9000
420 6000
230 3800
310 15000
480 13000

This dependence of trace element concentration on particle
size has the net effect of decreasing the aerodynamic equivalent mass
median diameters of volatilizable trace elements with respect to that of
bulk y ash.16 Therefore the following is true:
(1) Many toxic trace elements tend to be most concentrated
in small, lung depositing y ash particles which are least ef ciently
collected by existing particle control devices.
(2) Speci c concentrations of volatilizable trace elements
determined by analyzing y ash retained in control devices are very much
lower than the concentrations in particles actually emitted. Trace element emission factors cannot, therefore, be obtained by multiplying the
speci c concentration of an element in retained y ash by the bulk
particle emission factor.

(3) The potential toxicities of trace elements deposited on
particle surfaces are enhanced since it is the particle surface which comes
in direct contact with lung tissues where ef cient absorption can take
place.

At the present time there is little de nitive information about
the chemical forms of trace elements in y ash and about the mass median
diameters of emitted trace elements. It has, however, been established

that selenium occurs as the element in y ash.23 It has also been reliably
demonstrated 24 that the elements As, Se, Sb, and Pb are enriched at least
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vefold in emitted y ash as compared to the coal burned, and that V, Ni,
Zn, As, Pb, Se, Sb, Br, and I are enriched at least ftyfold in emitted

y ash as compared to crustal dusts.24
Particulate Polycyclic Organic Matter (POM)
The exact nature and extent of emissions of particulate

organic species-from fossil fueled power plants is not well established.
However the highly carcinogenicnature of polycyclic organic species
(notably benzo a pyrene) has stimulated a number of studies of the class
of organics known as POM.26
Combustion of any carbonaceous fuel, whether it be pure
methane or coal, leads to the formation of a large number of species

containing two or more aromatic rings. The actual mechanism of POM
formation is not fully understood although the available evidence?6 suggests that high temperature vapor phase formation of carbon-carbon
bonds takes place, probably via a free radical mechanism. In any event,
essentially the same several hundred compounds are formed in similar
relative amounts irrespective of the type of fuel?6
POM emission factors for fossil-fueled power plants are generally small, -26 but they show a remarkable apparent dependence on the
ef ciency of furnace operation (Table 5). Total annual emission estimates
for residential heating and power generation in the US. amount to 500
tons expressed as benzo a-pyrene.26 It is generally held that the very low
POM emissions from power plants result from their ef cient breakdown
to carbon dioxide and water at the high temperatures involved. However, the extraordinary differences observed between emissions from
power plant furnaces and less ef cient combustion operations leads one to
suspect the validity of the numbers. In this regard it should be noted that
emission factors are generally based on analyses of y ash retained in
control dervices and it is by no means clear that this material has similar
POM content to emitted y ash.

Table 5.

POM

Emission

(pounds/ton of coal) X 10
Species
Benzo-a-pyrene
Pyrene
Benzo-e-pyrene
Perylene
Fluoranthene

Factors for Coal

Pulverized
Firing
0.2
0.8
0
0

0.52
1 .6
2.3
0.6

Fired Furnaces

Chain Grate
Stoker
0.3
3.5
1 .1
54)

in

Hand
Fired
3520
5260
880
526
3300

I... .
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The way in which POM vapors become associated with y ash
particles is not well understood. -27 It has been suggested27 that essentially pure POM particles may form by self-nucleation followed by
agglomeration. POM may also adsorb onto the surface of entrained y
ash particles. Both mechanisms would lead to the predominance of POM
in extremely small particles (~0.1 um). Consideration of the vapor
pressures of representative polycyclic aromatic species at the temperatures encountered in a power plant shows that neither self-nucleation nor
condensation would be likely to occur. POM would, therefore, be expected to exist in the vapor phase at all points within the plant. Consequently it is appropriate to think in terms of an adsorption mechanism.
The equilibrium for the process
POMvapur + Particle 2 (Particle) (POMadsorbed)
is strongly dependent on temperature T, and is given by an equation of
the form28

POM m,

POMadS

_

00 ) (ND) (0"?)[mr] uexp
7T

(AE/RT)

(III)

where Np is the number of y ash particles per unit volume, a, is the
mean particle diameter, M is the molecular weight of the adsorbing
species and AE is the difference between the activation energies for
adsorption and desorption.
Evaluation of Equation III for adsorption of POM onto
glass-like y ash spheres of the size distribution encountered in a power
plant shows (Figure 6) that POM would be expected to adsorb quantitatively onto y ash at, or close to, the stack exit. Preliminary eld
experiments substantiate this prediction.28
The consequences of this adsorption mechanism are of considerable importance since they suggest that POM emissions from fossil-fueled power plants may be very much greater than hitherto supposed. They further show that particle control devices would be
ineffective in removing POM which is present as vapor at precipitator
operating temperatures, and that after adsorption, POM would predom-

inate in very small particles. This prediction is in accord with the
observation of small mass median diameters for POM in the atmos-

phere.16 Finally the mechanism would account for the large emission

factors observed for small furnaces from which y ash is collected for
analysis after it is emitted and Reaction III has approached equilibrium.
In view of the disquieting correlations which have been reported between atmospheric POM levels and the incidence of lung
cancer,26 it is of considerable importance to reevaluate the actual emissions of POM from fossil-fueled power plants. In this regard it is also
important to establish whether POM is decomposed within the plant, as
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Figure 6. Theoretical Ratio of POM Adsorbed on Fly Ash to that in
the Vapor Phase as a Function of Temperature. Particle diameters of
2pm and an activation energy [AE in Equation III] of 8 kcal are
assumed.

Atmospheric Pollutants from Power Plants

127

currently supposed, or whether it has simply evaded detection by its
presence in the vapor phase.
Other Emissions

In addition to the pollutants already discussed, fossil fueled
power plants emit a very wide variety of pollutants in more or less minor
amounts. Foremost among these are gaseous hydrocarbons, aldehydes,
and sulfuric and hydrochloric acid mists.
The nature of the various hydrocarbons, aldehydes, and other
gaseous organics is not well known as these compounds are generally
determined by nonspeci c techniques. The actual emission factors are
low (Table 1). While mechanisms of formation similar to those proposed
for POM26 can be invoked to explain the formation of certain hydrocarbons, mechanistic pathways are, for the most part, unknown.
Sulfuric and sulfurous acid mists are formed in small amounts
near the exit to power plant stacks where the temperature is sufficiently
low to allow formation of liquid water droplets which absorb S02 and 803.
Some metal-catalyzed oxidation of sulphite tosulphate almost certainly
takes place in these droplets, which are extremely acidic and corrosive.
Indeed, sampling equipment is often rapidly corroded near a stack exit
due to the presence of sulfuric and, to a lesser extent, hydrochloric acid
mists. Quantitative information on emissions is apparently not available,
so the relative importance of acid mist emissions from power plants is
unknown.
Conclusions

In overview, it appears that the most important pollutant
emissions from fossil fueled power plants have been identi ed and that
approximate emission factors are known. An important exception may
involve POM for which currently accepted emission factors may be
spuriously low.
The basic processes giving rise to each major pollutant species
are known in outline, although there is need for much more detailed
investigation of mechanisms. In particular, control of the oxides of
nitrogen, of particles, and of POM may be facilitated by modi cation of
combustion and post-combustion conditions based on a detailed understanding of formation mechanisms.
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Air Pollution Source Identi cation
J. Stuart Fordyce
Lewis Research Center, National Aeronautics and Space
Administration, Cleveland, Ohio
The regulatory agency faced with developing abatement strategies and enforcing emission standards has inadequate tools available
to identify sources that may not be in compliance and to associate source
emissions of speci c types with ambient levels in a cause and effect
relationship. This inadequacy is particularly important as federal
standard-setting shifts from gross pollutant loadings to control of speci c pollutants in a multimedia (air, water, land) context.
The techniques available for source identi cation are reviewed. Remote sensing, injected tracers, and pollutants themselves as
tracers are described. The use of the large number of trace elements in the
ambient airborne particulate matter as a practical means of identifying
sources is discussed in detail. The availability of sensitive, inexpensive,
nondestructive, multi-element analytical methods such as instrumental
neutron activation and charged particle X ray fluorescence permit the
determination of fty or more trace constituents. The application of
pairwise correlation, the more advanced pattern recognition-cluster
analysis approach with and without training sets, enrichment factors
and pollutant concentration rose displays for each element to a large
data set obtained in Cleveland, Ohio are also described. It is shown that
elemental constituents can be related to speci c source types: earth
crustal, automotive, metallurgical and more speci c industries. A eldready source identi cation system based on time and wind direction
resolved sampling is described. This system is to be evaluated for use by
local agencies.
he Federal Clean Air Act of 1970 and its subsequent
implementation by the states under approval by the US
EPA requires the ambient monitoring of pollutants for which ambient air
quality standards have beenadopted. At the present time, this includes

-
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sulfur dioxide, nitrogen dioxide, total suspended particulates, carbon
monoxide, total non-methane hydrocarbons, and total oxidants (ozone).

Under the Hazardous Air Pollutant (HAP) category, asbestos, mercury,
and beryllium are controlled by emission standards, and the ambient
monitoring for them is required. Other pollutants have already been
recognized and will come under regulation and will have to be monitored.
These are listed in Table 1 directly quoted from the paper by Forziati,1
which also discusses monitoring techniques. The list in Table 1 is extensive and presents a reasonable estimate of air pollutants that are important to the national environment. Speci cally in the Great Lakes area,
EPA Region V personnel have indicated that beyond the six major
pollutants and the three HAP, the need for trace element monitoring is

paramount. This monitoring would place a priority on lead, arsenic,

cadmium, antimony, chromium, iron, nickel, selenium, vanadium, and

zinc.

The ambient monitoring is required in order to de ne the
appropriate emissions limitations that various sources must adhere to in
order to meet the air quality standards under various meteorological
conditions. It is clear, however, that enforcement agencies, who have to

plan and implement abatement strategies and enforce the emission
standards established, are inadequately staffed and equipped to identify
clearly and on a quantitative basis the sources that may not be in
compliance. A related issue is the dif culty of associating source emissions of speci c types with ambient levels in a cause and effect relationship. This is exempli ed by the recent ndings regarding ozone levels
in the eastern part of the country Where ozone standards are exceeded in
rural as well as urban locations yet abatement strategies concentrate on
urban traf c restrictions.2 The development and application of techniques
for identifying sources of air pollution and advancing the understanding
of atmospheric chemistry and transport of pollutants are important areas
of study. This is particularly true as federal standard-setting shifts from
gross pollutant loadings to control of speci c pollutants in a multimedia
(air, water, land) context.3 This report reviews efforts to date on the

source identi cation problem with a focus on the use of trace elemental
constituents in the suspended particulate matter. A practical source
identi cation system is under development at the NASA Lewis Research
Center. This system is based on time and wind direction resolved
sampling of ambient particulates and comparison of observed elemental
constituents in the samples with source signatures.
Techniques for air pollution source identi cation can utilize
both the physical and chemical properties of particulates and gases
emitted from sources or materials added intentionally for the purpose.
The techniques can rely upon spectral absorption, emission, or scattering
properties observed from a distant position (i.e., remote sensing), or
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Table 1.

Important Air Pollutants

Pollutant

Group

Sulfur Dioxide
Sulfur Trioxide

SOx

Sulfur Acid Mist
Nitric Oxide

NOX

Nitrogen Dioxide
Nitric Acid Mist
Oxidants (03)
Total Particulate
Visible emissions
Particle size distribution

Particulate

Number of particles
Particle composition
Particulate sulfate
Particulate nitrate

Asbestos

HAP

Mercury

Beryllium
CO
Total non-CH. Hydrocarbon organics
Specific hydocarbons
Polychlorinated biphenyls
Polynuclear organic matter

Organic

Reactive hydrocarbons (class)

Hydrogen sulfide

Odors

Mercaptans

Ammonia and amines
Organic acids
Aldehydes
Odor (human perception)
Hydrogen Chloride
Chlorine gas
Hydrogen uoride

Halogens

Copper
Zinc
Boron
Tln

Elements and
other

Lithium
Chromium
Vanadium

Manganese
Selenium
Arsenic

Phosphoric acid mist
Cadmium
Lead
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direct in situ sampling at various locations. The techniques are variously
applicable to global, regional, or local distance scales dependent upon the

optical resolution and sensitivity available.

The scope of this paper does not permit a comprehensive
discussion of all the applicable techniques but some key examples will be
covered.
Techniques

Remote Sensing
Remote sensing techniques, in which NASA has played a
pioneering role from both satellite and aircraft platforms, have been used
to demonstrate the method s potential for source identi cation. One
striking example is described by Lyons t5 from LANDSAT 1 (formerly
called ERTS l, Earth Resources Technology Satellite) imagery of the
southern half of Lake Michigan taken with band 6 (0.7 0.8um) of the

multi-spectral scanner. The contrast of the plume from seven sources
near Gary, Indiana, against the water was suf cient to delineate them.
The downwind nucleation of clouds from particulates in the plume is also
well de ned. Similar imagery has delineated the lake breeze circulation
that in uences shoreline air quality. LANDSAT 1 imagery over land
areas has also revealed plumes.6 Its major limitations are the need for
relatively cloud-free observation and suf cient contrast to the background, but it has potential for rapid large-area coverage. A wide range
of remote sensing instruments, including passive correlation spectrometers, interferometers, radiometers, and active laser systems are under
development7 and their potential applicability to global and regional
energy-related pollution problems have been reviewedf v9 Of special interest are the planned launch of the Nimbus G satellite for the purpose of
atmospheric pollution monitoring and studies of the use of remote sensors aboard aircraft.10
In Situ

In situ techniques are the most highly developed of the two
general approaches to pollution monitoring. The techniques for sampling
and analysis of atmospheric pollutants have been comprehensively reviewed11 and the three-volume monograph edited by Stern12 covers all
aspects of the problem. For source identi cation, tracers can be injected
into the source, or the pollutant gases or particulates themselves can be
utilized.
(1) Injected Tracers
Injected tracers have included uorescent particles or inert
gases like sulfur hexa uoride which are easily detected at very low
concentrations. These techniques have been extensively used for the
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study of plume dispersion characteristics and sulfur hexa uoride appears
feasible for distances up to 100 km from the source using xed, mobile, or

airborne platforms.H " The uses of these methods are limited because
source injection is required.
(2) Pollutants as Tracers
The use of the pollutants themselves for source identi cation
is applicable providing the pollutants are speci c enough for the source in
question.
(a) Gases
Carbon monoxide has been studied by Stevens and
coworkers to estimate the respective magnitude of man-made and
natural sources of the compound. This was done by comparison of the
average isotopic composition of atmospheric CO with that of a CO species
whose production rate is known, thus deriving the production rate of
other species. 1"0/150 and 13C/ ZC ratios were measured, and 1 O enrichment and 13C depletion determined with respect to accepted oxygen and
carbon isotopic references. In this way the total natural sources of CO in
the northern hemisphere were estimated to be ten times the man-made
ones.
On a regional and local scale sulfur dioxide has been utilized
extensively to identify fossil fuel burning sources. As one example, the
impact of generalized sources in New York City and local power plants on

suburban Long Island has been delineated over distances >100 km.
Aircraft carrying appropriate in situ instrumentation have beenused to
follow the composition and hence the chemistry of plumes to 80 km
downwind. - - " Variations of sulfur isotopes have also been utilized. - - Mercury vapor as a tracer has been used extensively as a tool

for geological exploration and has been observed in plumes from coal
burning power plants, municipal incinerators, and chloralkali plants
among other sources.
(b) Particulates
Airborne particulate matter is ubiquitous in the environment. The chemical composition and physical character, i.e., particle
shapes and size distributions, depend on the source of the particulate
material. A monograph on the subject has been edited by Hidy. It has
been recognized for some time that characterization of particulate matter
in the ambient air can be utilized for air pollution source identi cation.
The techniques of chemical microscopy articulated by McCrone are
highly developed? The application of sensitive trace element analytical
techniques, particularly nondestructive multi-element methods such as
neutron activation and X ray uorescencemvzg-29 have permitted the study
of as many as 50 or more trace constituents? 81

Generally, high-volume ltration or impaction techniques
have been used for sampling. This requires the use of high purity
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substrate materials. The cellulose lter, Whatman No. 41, has been
found most suitable 33 though not perfect because of its hydroscopic
properties. This is not insurmountable if proper precautions are taken.
Our own studies in Cleveland have shown that there is no statistically
Signi cant difference between Whatman No. 41 and the standard glass
ber lter for determining total mass concentration of particulates with
high-volume samplers:H For routine network operation, protection of the
high purity lters is required to avoid inadvertent contamination by eld
personnel. A lter holder has been described which adequately solves the
problem. Impaction techniques have used coated polymer lms with
success. Typical elemental concentrations in urban ambient particulates
are shown in Figure 1. Trace metals from fuel combustion, incineration,

and industrial emission sources have been discussed by Lee and von
Lehmden. T They also emphasize the source implications of particle size.

Those elements (e. g. , Pb, V) associated with submicron sizes come from

the combustion of organically associated materials (petroleum products),
while those associated with larger sizes (e.g., Fe and Mg) are from
inorganic constituents of coal or industrial materials. Much of the recent
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literature emphasizes the use of trace elements for source identi cation
purposes. Friedlander formulated and applied the theory of source re
ceptor chemical element balance to the sources of Pasadena, California,
aerosol. The basic assumption is that each type of source emits a
characteristic series of elements. The characteristic series were determined from an inventory of source emissions. Comparisons were made

With ambient data. Sea salt, soil, auto exhaust, fuel oil,

y ash, and

cement dust contributions were estimated and accounted for >72 percent
of the aerosol. Winchester s review of his own group s pioneering con-

tributions cites similar approaches in the Chicago area using multi-element data. They de ned coal, coke, and oil combustion (As, Cr, Sn, Ti,
Ni, V) and iron and steel industry (Fe, Mn, Cu, Zn) components and

found that Pb and Cd could be accounted for from gasoline and coal.
Weslowski and his colleagues ' examined the San Francisco Bay area
aerosol and separated it into a marine aerosol group, a soil derived group

(Fe, Sc, Th, Co, Al, Mn, Sm, Ce, Cr, Eu, La) which accounted for most of
the aerosol, unlike the Chicago area, and a pollutant group (Sb, Se, Zn,

Br, Hg). This was based on the correlation approach used by Winches-

ter s group for the study of Gary, Indiana.

The Gary study examined

pairwise correlations and found Sc-Co and Zn-Sb to be in the same
proportion at all sampling stations and that other pairs, e. g., Fe Co and
Ca-Mg, had single station anomalies. Correlation clusters were de ned
suggesting that Zn Sb-Cr and Sc Co-Th Ce could be used to trace aerosols for long-range transport. Other studies of a similar type were
conducted in the Ivory Coast,

and in Paris.

We, together with the

city s Division of Air Pollution Control, have conducted extensive studies in Cleveland. "H"
In our study 750 samples were taken at 18 sites (Figure 2)
over a period of 15 months. This included some mass size distributions "
and also some trace element size distribution measurements not yet
interpreted. Since Cleveland is typical of Great Lakes industrial cities
and the large size of our data base enables us to consider the in uence of
wind direction, the results will be discussed in some detail.
In the data interpretation use was made of standard statistical techniques such as pairwise correlation analysis, in addition to cluster
analysis algorithms, and pollution-rose plots. Examples are given of the
application of these techniques to the sorting of elements into related
groupings as well as to the effort to distinguish geographic sites by their
speci c elemental characteristics augmented by enrichment factors in the
ambient relative to earth crustal distributions typifying this region for
the same elements.
Our rst attempts are based on six selected days listed in

Table 2. Days 1, 2, and 6 were typical of the region. Days 3, 4, and 5 were

less typical in that it was part of a weather system which was almost

Air Pollution Source Identi cation

ANNUAL "lo FREQUENCY
OF WIND DIRECTION

137

EUCLID

CLEVELAND
HTS.
BAY VILLAGE
O
O
WESTLAKE

SHAKER HTS.

FAIRVIEW 012
PARK

N. OLMSTED
OLMSTEg FALLS

AIRPORT

O
BEREA

9

g

BROOKLYNO

BROOKPARK

PARMA

HTS.

MAPLE HTS.
W

CLEVELAND OHIO
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analyses were performed on samples collected at the 16 numbered
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Table 2.

Meteorology for the Six Days
3/1/72

Average temperature (°F)
Visibility
Precipitation (in.)
Ave. pressure (in.)'
Resultant direc. (N = 0°)
Resultant speed (mph)"
Average speed (mph)°
Missing sample (Site No.)

60
tog, haze
0.20
28.84
190°
15.3
15.5
10

5/15/72 5/18/72 5/21/72

5/24/72 6/8/72

59
61
64
65
66
haze tog,haze tog,haze fog,hazeclear
0.66
0
0
0
0
28.86 29.18
29.06
29.09 29.07
200°
0
0°
20°
230°
6.7
3.8
3.1
4.8
10.2
9.1
5.6
6.3
7.5
10.5
1
14
4

'Statlon elevation 805 feet mean sea level
Resultant speed r= vectorlal averaged amplitude; average speed = scalar average
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unchanged for eight days. Except for Be, Si, Cd, Bi, and Pb, which were
analyzed by emission spectroscopy, analyses were made by instrumental

neutron activation. Most of the work was done at the LeRC Plum Brook
reactor.s Thirty-four elements were considered: Na, Al, Si, Cl, Sc, Ti, V,
Mn, Fe, Co, Cu, Zn, As, Se, Br, Rb, Ag, Cd, Sn, Sb, Cs, La, Sm, Eu, Tb,

Dy, Yb,Lu, Hf, Hg, Pb, Bi, and Th, and cumulative uncertainties at the
one sigma level were estimated at about 1- 25 percent.
Table 3.

Co-Sc
Sc-Th
Zn-Sb
Cs-Rb
Br-Pb

Pairwise Correlation Coefficients
Cleve
3/1

Cleve
5/21

.20
.89
.03
.98
.60

.08
.86
.09
.52
.87

Gary
S.F.
Ivory
Paris
(ref 41) (ref 40) (ref 42) (ref 43)
.96
.92
.91

.98
.97

--

.25
.91

.92
.45
.30

Cleve
Site1
.59
.89
.54
.83
.81

Cleve Cleve
Site 12 Site 20
.07
.77
.02
.87
.67

.95
.99
.21
.99
.76

Table 3 gives estimated pairwise correlation coef cients for 5
pairs of elements. Co-Sc, Sc-Th and Zn Sb are tabulated because they
had the highest values in the study by Dams et al."1 in their study of
Gary. Cs Rb is included because it had the highest value in Cleveland on
March 1, 1972. The nal pair, Br Pb, has received attention recently as
an indicator of the impact of the automobile on air quality. 7 It should be
emphasized that there are differences in the data bases used for esimating the correlations. The rst two columns are correlations across all the
monitoring sites in Cleveland for the days shown (see Table 2). The Gary
values 1 are for 25 sites on one day, while the San Francisco values 4 are
for nine sites on one day. The Ivory Coast study was performed at 20
sites over two 5-day sampling periods, while the Paris study was conducted over eight separate days at ve sites. The nal three columns are
for three speci c sites in Cleveland. Site 1 is just east of the industrial
valley, site 12 is in a residential neighborhood with some industry to the
northeast, and site 20 is at the shore of Lake Erie with some light
industry to the south. These correlation values are for a single site over
an entire year with about 30 to 40 values entering each calculation. Table
2 is included because this seems to be the easiest and most direct method
of reducing data from different sources to a common format, which then
allows comparisons to be made. However, in light of the relatively small
size of the data sets coupled with the rather large percent errors in each
measurement, we wish to remind the readers of the necessary caution
regarding the interpretation of such information as has been noted by
Bogen.49
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Viewing pairwise plots of the data can often be instructive.
Figure 3 shows such a sample plot of lead vs. bromine taken from site 17
for the entire study period. With the exception of 2 points, the linearity
of the data is rather good considering the uncertainty in each measure-

ment. The mean ratio is 0.31 which is well within the range of values

reported for Br/Pb arising from automotive emissions. Another way of
looking at this data is to plot all the values for the six days listed in Table
1 while retaining the information concerning the location at which the
data was generated. This is shown in Figure 4. The numbers on the plot
are the sites corresponding to Figure 2. It becomes fairly apparent that
site 13, which is the only site at ground level and is to the south (generally

upwind) from the nearest source of traffic, has consistently low values.

On the other hand, site 17, which is on the roof of a re station (could the

Pb and Br be coming from inside the building?) and at the intersection of
two heavily travelled commercial streets, has consistently high values.
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The mean Br/Pb = 0.314 and the correlation coefficient = 0.454.

A number of efforts have beenmade to extract groupings
(clusters) from trace element data sets in order to differentiate among
various classes of sources (e. g., earth s crust, industrial activity) or to
further differentiate between speci c sources (e.g., auto emissions,
power plants).
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Figure 4. Bromine vs. Lead Data from All Sites for the Six Days
Listed in Table 2. Each data point is represented by a number
(corresponding to the site numbers of Figure 2) which identifies
where it was generated.
One approach is to View this as a problem in pattern recognition amenable to the techniques of cluster analysis. This conceptual
approach has been tried by at least three other authors. The logic used by
Belot et 31., is very similar to the logic of our analyses. However, the
work by the other two investigators" - was performed in the early stages
of the development of clustering theory. Unfortunately, they chose an
algorithm developed for the social sciences which is not applicable to the
problem at hand. Thus, we will restrict our comments in this section to a
comparison with Belot s results for Paris.
The computer software routines were developed at Lawrence
Radiation Laboratory. Figure 5 is a mapping or representation in two
dimensions of the spatial interrelationships among the elements for
March 1, 1972, as a function of all the measurements (15 dimensions)

taken that day throughout the city. Such a visual display is helpful, but
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Representation of the Data by Nonlinear Mapping. The

elemental interrelationships are represented in 2 space as a function

of the spatial distribution of their concentrations on 3/1 /72 (first day
in Table 2).

the information presented is incomplete and may be distorted. While it is
true that the quantitative techniques of cluster analysis may not generate
unique results, repeated analyses of the data for each of the six days
listed in Table 2 showed the following consistent features:
(1) Sb, Hg, and Cu are each unique in the spatial variation of
their concentrations. The Cu values are suspect because of the possibility
of sample contaminations from the high volume motors. The distin
guishability of Sb and Hg was observed by Belot in Paris.
(2) Fe, Cr, and Co are generally grouped together. This is
quite reasonable in a location such as Cleveland, where there are large
iron and steel works. Belot in Paris found this same grouping, but with Sc
as a fourth constituent.
(3)

Sc, Al, Si, Ti, V, La, Sm, Eu,

Dy,Th, Pb, and Br are

always found grouped together. In addition, these elements have relatively little variation from site to site in their concentrations relative to
total suspended particulates (TSP). This latter feature was noted by
Dams et al. 1 in their study of Gary.
(4) Pb and Br, while not separable quantitatively by numerical clustering techniques from the other 10 elements listed above,
are seen by visual inspection to always be a bit apart from the others and
relatively close to each other as in Figure 5.
An instructive complement to the clustering approach has
been applied by a number of other workers 32 and consists of looking at the
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relative enrichments of the elements as compared with their relative

abundances in the local rock and soil. For this purpose we chose to use the
table of abundances of Mason and normalize by setting Si = 1. Table 4
contains the average enrichment factors for March 1, 1972. We note that
the three singular elements cited above (Sb, Hg, Cu) are all signi cantly

enriched. This is consistent with their being related to strong localized
sources. The set Fe Cr Co indicates some possible enrichment. The
uncertainty of the data makes this nding non-signi cant by itself, but it
is consistent with our earlier speculation associating them with large
industrial sources which would tend to be sources of Si as well. Within
the large grouping of 12 elements discussed previously, the Pb and Br
stand out very distinctively with their very large and similar enrichments. The other ten elements are found at essentially the same relative

abundances as in the earth s crust. This could well indicate the superpo
sition of a natural background and the emissions from numerous coal
burning sources.

Table 4. Enrichment Factors Relative to Earth Crustal Abundances
Normalized to Si
Na
1
Al
1
Si E
1
Cl
500

V
Cr
Mn
Fe

2
6
4
2

Zn
As
Se
Br

200
200
4000
2000

Cd
Sn
Sb
Cs

400
200
1 5000
7

Eu
Tb
Dy
Yb

2
0.2
2
5

Sc

1

Co

4

Rb

2

La

1

Lu

6

Ti

2

Cu

1 00

A9

500

Sm

1

Hf

3

Hg
Pb
Bi
Th

200
2000
200
2

9

Figure 6 has the same type of mapping as in Figure 5, but it is
directed to grouping sites based on the concentrations of 34 elements at
each site. While the mapping does seem to group sites, as for example all
the Us (site 21) are together, this separation was not borne out when a
quantitative cluster algorithm was applied. It is possible that the sites
may not be distinguishable on the basis of this limited set of data or else
the clustering algorithm may not be appropriate.
With our large data base it is possible to look simultaneously
at both space and time distributions. If we assume that the major
variation from one sampling day to another is meteorologically induced,
we can plot all the data for a single element (over 750 values) on a single
map as a function of the wind. Figure 7 shows 16 log polar plots for
scandium. Each plot is centered at the site at which the data were
generated. Each radial line is proportional to the average concentration
observed when the vector resultant wind was inward along the radial
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Figure 6. Representation of the Data by Nonlinear Mapping. The
interrelationships of all the air quality samples for the 6 days listed in
Table 2 as a function of their elemental distributions. The sites are
coded by alphabetical sequence (i.e., A = 1, B: 2, . . . U = 21) and
the days by numerical correspondence to their listings in Table 2
(i.e., c2 = site No. 3 on 5/15/72).
line. The data for sites along the lake front were sorted on the basis of
wind information from a lakefront airport while the rest of the data were
sorted using Hopkins Airport wind data. The main drawback in attempting emission source identi cation by triangulation with this data set
is the 24 hour sampling time, which is long relative to the duration of the
Wind s directional stability. We have recently developed new sampling
instrumentation to overcome this problem?1 but we have not yet had the
time to use this new equipment to do large scale monitoring. It is still
possible, however, to draw some inferences from the spatial distribution
of an element With as little personality as scandium. For example, at the
most westerly site the concentrations are relatively low and fairly
uniform with respect to wind, but still perceptibly larger when the wind

A c ref 3:7
«ea mu
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Figure 7. Pollution-Roses for Scandium. The entire data set is used
to display the 16 mean concentrations at each site as a function of
the resultant (vector average) wind direction averaged over the
sampling period. The graphs are polar-logarithmic with the outer
scale = 10 ng/m3 and the inner scale = 0.10 ng/m3. The wind
direction is toward the center.
is from the easterly direction. This pattern is more pronounced as we look
at sites closer to the region of heavy industry along the river. Thus this
soil-derived element is also present in industrial emissions. Figure 8
shows a similar rose for antimony which is uniquely related to industrial
operations especially at sites 6, 12, and 13.
We have indicated an approach to analysis of a large elemental concentration data set taken at numerous sites over an extended
period of time. Examples presented have emphasized the use of multiple
approaches including pairwise correlation statistics, selected plotting of
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Figure 8. Pollution-Roses for Antimony Obtained from the Data Set
as in Figure 7. Outer scale = 10 ng/m3 and the inner scale = 102
ng/ma.
the data, cluster analysis, comparative enrichment studies, and the use of
wind transport information. Despite the large variability within the data
and the considerable accuracy and precision errors, it is still possible to
extract useful information.We have shown that Br and Pb, as a pair,
have fairly uniform distributions, are signi cantly enriched in TSP
relative to Si when compared with their earth crustal abundances, and
can be used to distinguish between sites. The rare earths generally
exhibit the same distributional pattern as Si, Al, and V and do not show

any particular enrichment. Fe, Cr, and Co show some slight indication of
enrichment and have their own distributional pattern. Sb, Hg, and Cu
are each unique in their distributional patterns. We have also shown how
a pollution-rose can be used to visualize a large body of data. At the
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present time we are extending these methods to the entire data set to
form the basis for a practical air pollution source identi cation system
useable by enforcement agencies.
Source Identi cation Systems

Trace element measurements in the ambient air provide a
for enforcement agencies to use in quantitatively
approach
practical
identifying sources on a routine basis.
The State of California has established a network of 14
stations in 14 cities around the state36 speci cally designed to sample
aerosols with two-stage Lundgren impactors. Particle size ranges of 20 to
3.6 micrometers, 3.6um to 0.65pm, and 0.65 to 0.1um are measured.

The network is now being operated routinely using charged particle
X-ray

uorescence (CPXF) analysis which is completely automated,

rapid (1000 samples/day) and inexpensive. The main emphasis in this
operation is to separate natural from man-made sources on a regional
scale and to give detailed information on the precise source of the
man made contribution. Two-hour intervals can be resolved on the coated
Mylar impactor sample strips allowing the diurnal characteristics to be
studied as required. Most attention to date has been placed on separating automotive from non-automotive pollutants.
NASA Lewis together with Cleveland s Division of Air Pollution Control has been developing a source identi cation system for use
within industrial cities with complex source distributions. A comprehen
sive operational test and evaluation with user groups is now being
launched. Figure 9 is a diagram of the system showing all its various
components and their interrelationships. The key to the system is a
sampler called Air Scout which automatically collects suspended partic-

ulate matter as a function of both wind direction and time, shown in

Figure 105"1 Filtration onto Whatman No. 41 mounted in 2 X 2 slides is
utilized for the directional samples, and glass ber is used for the total
suSpended particulate measurement. Automated CPXF analysis of the
exposed slides will be used and the data interpreted by the techniques
discussed in the preceding section together with source signatures
(training sets) using interactive graphics.
The Regional Air Pollution Study (RAPS) in St. Louis, which
is a major program of the EPA for validating air quality models and
studying sources, fates, and atmospheric chemistry of pollutants, includes trace element monitoring for source identi cation purposes. Dzubay and Stevens have described the virtual impactor sampling device
which collects in two size ranges (2 10ptm and <2p.m) and the use of the
rapid automated X-ray induced X ray uorescence analysis system being
used in the work.
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Concluding Remarks

A great deal of research has been done on the characterization
of air pollutants and identi cation of the sources with which they are
associated. It is signi cant that these research results are now being
developed into operational systems that air pollution regulatory agencies
can use in their efforts to de ne and control air quality. Unfortunately,
their use is not Widespread and most local agencies are relying on
inadequate monitoring techniques.
The needs for further research and development can be
considered in four major categories: pollutant chemistry, monitoring
technology, modeling, and multimedia implications.
In the area of pollutant chemistry, the various reactions
taking place in the atmosphere once pollutants are emitted are poorly
understood, particularly the interaction of the gaseous pollutants with
the particulates, redox processes, etc. In the Great Lakes Region the
major emphasis should be on coal-burning and industrial sources rather
than the photochemical problems dominant in areas with more sunshine.
However, long range transport of oxidants does appear to affect the
region, and their origin needs better de nition. Little is known about the
inorganic compounds present in particulate matter and how they are
distributed with regardto particle size. Even less is understood about the

Air Pollution Source Identi cation

149

organic constituents. This is signi cant in evaluating potential health
effects.
In the area of monitoring technology there has been a substantial effort on instrumentation for various constituents and signi cant
improvement in speci city and reliability, particularly for the gases. For
the particulates the state of the art is improving slowly, and there is
opportunity for innovative approaches. It is unfortunate that local agen-

cies are not attempting to monitor trace elements routinely using the
inexpensive automated nondestructive techniques now available, especially since the data obtained contain much information on source identity
and would complement more conventional surveillance methods and may
be particularly useful in de ning nonpoint source problems.

A nagging problem needing attention is the de nition of the
relationship between the point measurement commonly used in urban
networks and the relationship of that point measurement to the area to
which the data are applied. The presence of buildings and the speci c
micrometeorology of the site often perturb measurements. For these

reasons the continued development of long path and laser ranging moni

toring devices to provide spatially integrated measurement is necessary.

The continued development, application, and evaluation of remote sensing techniques should be encouraged since their potential contribution in
areawide monitoring is great.
Monitoring technology must take a systems approach and
meet cost effectiveness criteria, if advances are to be adopted. We must
look beyond just the instrumentation to its deployment and how its data
will be put into a useable form as information.
In the area of modeling, continuing efforts must be made to
improve the models relating source strengths to ambient levels, since
they are the key to effective abatement strategies and can, in principle,
be used to improve the understanding of point measurements and reduce
surveillance costs. In the Great Lakes area, the lake land

interface

provides signi cant complications due to the lake breeze circulation which
may make shoreline areas far less attractive from an air quality standpoint for coal-burning power plant siting in spite of the accessibility of
cooling water. Models are also needed to provide a means for analyzing
air quality trend data in terms of the in uence of random meteorological
effects (precipitation, wind speed, mixing height, etc.) as opposed to the
effect of source emission reduction. This is necessary if the true effectiveness of abatement programs is to be assessed.
The multimedia implications of air pollution sources need
much greater attention. As has been documented in a few studies, inputs
to the Great Lakes from various types of sources in this region may be
signi cant to water quality through fallout and rainout of trace elements
and nutrients. This is especially important if the so-called intermittent
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control strategies for coal-burning power plants are going to win acceptance.

Many of the above problems are already receiving attention

and interagency cooperation continues to be an important mechanism for

progress.
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Present and Projected Nuclear
Generating Capacities and Fuel
Requirements in the Great Lakes
Basin
R. S. Stowe and N. A. Frigerio
Environmental Statement Project, Argonne National Laboratory,
Argonne, Illinois
It was late August 1962, nearly three years after Dresden,
that the Great Lakes saw the licensing of their

rst

commercial nuclear power plant, Big Rock Point, on Lake Michigan. As

1974 drew to a close, the Great Lakes Basin had eleven licensed plants on

its soil, excluding the licensed, but non-operative, plant known as Fermi
1 (Table 1 and Figure 1). As of January 1, 1975, only nine plants in the
Basin had actually produced electricity (Table 2). These nine plants have
a combined thermal capacity of 16,016 MW(t) and electrical output of
5,211 MW(e). This represents about 23 percent of the total thermal
capacity of the fossil plants in the Basin, 70,567 MW(t).
In addition to the eleven licensed plants of 21,902 MW(t)
capacity, construction permits have been issued for seven plants with a
total thermal capacity of 19,473 MW(t), (Table 3). Another eight plants
have applied for construction permits, with a thermal capacity of 23,313
MW(t). Still another applicant has Withdrawn its application because of
inability to nance the plants involved (Table 4).
Currently, then, the Great Lakes Basin encompasses U.S.
commercial nuclear plants with a total thermal capacity of 16,016 MW(t)
and proposed plants which are scheduled to increase the total thermal
capacity to 64,688 MW(t) by the year 1985. The producing U.S. plants
consume approximately 137 tonnes of bulk fuel per year, 3.7 tonnes of
which are actually ssioned. In the future we mayexpect as much as 553
tonnes of bulk fuel to be used per year, 15 tonnes of which are ssioned.
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Figure 1. Other Facilities, Radiological Monitoring Stations in the
Great Lakes Vicinity (i.e., within 454 miles)
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Table 1. Licenses and Authorizations In Ettect for Commercial
Nuclear Power Reactors as of 1 January 1975"5
License
No.

Applicant

Docket

Commonwealth

50 295 DPR 39 0L

Edison (:0. (Zion 1)

Commonwealth

50 304 DPR 48 OL

Consumers Power
Co. (Big Rock
Point)

50 155 DPR 6

Consumers Power

50 255 DPR-20 POL

Edison Co. (Zion 2)

Co. (Palisades)

Indiana 8. Michigan

Electric Co. (D C.

POL
OL

Authorized
Date Power Level
Issued MW(t)MW(e) Type

4/6/73

2760

893 PWR

Lake 00., IL.

11/14/73 2760

893 PWR

Lake 00., IL.

8/30/62
5/1/64

3/24/71

240

75 BWR

2200

700 PWR

Power Corp. (Nine

50 315 DPR 58 0L

50 220 DPR 17 POL
DPR-63 OL

Power Reactor
Development Co.
(Fermi 1)

50-16

Power Authority of

50-333 DPR~59

10/25/75 3250 1060 PWR

DPR-9 POL

8/22/69 1850

12/26/74

9/5/73

625 BWR

Oswego

200

10/17/74 2436

61

FBR

Monroe
00., Ml.

821 BWR

Oswego
00., N.Y.

Rochester Gas &
50 244 DPR-18 POL
Electric Corp. (R. E.

9/19/69 1520

490 PWR

Wayne 00.,
N.Y.

10/5/70 1518

497 PWR

Manitowoc
Co., WI.

1518

497 PWR

Manitowoc
00., WI.

12/21/73 1650

541 PWR

Kewaunee
00., WI.

Ginna 1)

Wisconsin Michigan 50-266 DPR-24
Power Co. &
Wisconsin Electric
Power Co. (Point
Beach 1)
Wisconsin Michigan 20-301 DPR 27 OL
Power 00. (Point
Beach 2)

Not Operating

Berrien 60.,

00., N.Y.

York (FitzPatrick)

Wisconsin Public
Service Corp.
(Kewaunee)

Van Buren

MI.

Mile Point 1)

the State of New

Charlevoix
Co., MI.

00., MI.

Cook 1)

Niagara Mohawk

Location

50-305 DPR 43 OL

11/16/71
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Table 2.

Producing Nuclear Power Plants as of 1 January 19752
N. Latitude
Deg.

W. Longitude
Deg.

MW(t)

MW(e)

United States
Big Rock Point
Ginna 1
Kewaunee
Nine Mile Point 1
Palisades
Point Beach 1
Point Beach 2
Zion 1
Zion 2

45.3589
43.2783
44.3433
43.5217
42.3233
44.2764
44.2764
42.4594
42.4594

85.1958
77.3083
87.5350
76.3980
86.3142
87.5186
87.5186
87.8061
87.8061

240
1520
1650
1850
2200
1518
1518
2760
2760

75
490
541
625
700
497
497
893
893

Canada
Douglas Point
Pickering 1
Pickering 2
Pickering 3
Pickering 4
NPD

44.3167
43.8000
43.8000
43.8000
43.8000
46.1833

81.6000
79.0667
79.0667
79.0667
79.0667
77.6500

701
1744
1744
1744
1744
92

218
540
540
540
540
25

Plant Name

At present, the spent fuel from all of the reactors is being
stored, pending resumption of reprocessing. The only licensed, commercial, reprocessing plant in the United States is located within the Basin at
the NFS plant in West Valley, New York. This plant operated from 1966
to 1972, and reprocessed the equivalent of 200 tonnes of present day fuel
during that period, at a maximum design rate of about 1 tonne per day.
The plant has been out of service since late 1972 for modi cations to raise
its throughput to about 3 tonnes per day. At present, about 142 tonnes of
spent fuel from nuclear plants in the Great Lakes Basin are stored in the
fuel pool at NFS, and about 60 tonnes in the fuel pool at the now defunct
Midwest Fuel Reprocessing Plant in Dresden, Illinois. Another 140
tonnes are stored at the reactors themselves. However the reactor spent
fuel pools are lling rapidly, and will soon be at the point where
operations must cease, if fuel is not reprocessed, or at least removed to
adequate, long-term storage. The present plan involves eventual recycling by one of the forthcoming fuel reprocessing facilities (Table 5).
These reprocessing facilities will also handle the small amounts of spent
fuel generated by experimental and test reactors in the Basin (Table 6).
They will probably be spared the added burden of the spent fuel from the
Canadian reactors in the Basin (Table 2) for political as well as economic
reasons.

Nuclear Generating Capacities OLE
Table 3.

15.9

Construction Permits in Effect for Commercial Nuclear

Power Reactors as of 1 January 19752

Applicant

Permit

Docket

No.

Date

Power Level

Issued MW(t)MW(e) Type

Consumers Power Co. 50 329 CPPR 81
(Midland 1)

12/15/72

2452

492

Consumers Power Co. 50-330 CPPR 82

12/15/72

2452

818 PWR

(Midland 2)

Detroit Edison

Company (Fermi 2)

50 341 CPPR-87

9/26/72

3293

PWR

1093 BWR

Location
Midland
Co., MI.
Midland

Co., MI.

Monroe

Co., Ml.

Indiana & Michigan
Electric Co. (D. C.

Cook 2)

Niagara Mohawk
Power Co. (Nine Mile

50 316 CPPR-61

3/25/69

3250 1060 PWFi

50 410 CPPR 112

6/24/74 3323 1080 BWR

Public Service Co.

50-367 CPPFl 104

5/2/74

1931

648 BWR

(Davis-Besse 1)

Porter Co.,

IN.

(Bailly Sta.)

*Toledo Edison Co.

Oswego
Co., N.Y.

Point 2)

Northern Indiana

Berrien Co.,

Ml.

50 346 CPPR 80

3/24/71

2772
'

906 PWR

Ottawa Co.,
OH.

Indicates application for operating license has been received by the Commission.

On the Canadian side three sites (six reactors) are currently in
operation with atotal thermal capacity of 7769 MW(t) and a generating
capacity of 2403 MW(e) (Table 2). This is equivalent to an annual usage of
1.8 tonnes U 235, and 66 tonnes of bulk fuel. Current estimates for
future nuclear capacity are 25 GWe by 1985 (75 GWt), and a steady
increase at the rate of about 5 GWe/yr (15 GWt) after that.5
Present practice in fuel management burns up fuel from about
3.5 percent to 0.8 percent U 235 equivalent. Current, and projected
ef ciencies for all of the reactors on the Great Lakes run veryclose to
MW(e)/MW(t) = 0.33. Gross plant factors (MW(e) used/MW(e) capacity)
have been running about 0.6 as an average over all reactors in the Basin.
Thus, current fuel usage is about 203 tonnes of bulk fuel per year, i.e.,
5.5 tonnes of U 235. A projected 1985 level of 64.7 GWt U.S. represents
553 tonnes/yr of bulk fuel by 1985. If the Canadian predictions are
realized, 75 GWt in 1985, this would represent a Canadian fuel con-
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Table 4. Applications for Construction Permit Pending (Docketed)
for Commercial Nuclear Power Reactors as of 1 January 19732
Application

Power Level

Applicant

Docket

Docketed

MW(t)

MW(e) Type

Location

Cleveland Electric
Illuminating Co.

50 440

6/25/73

3579

1205 BWFi

Lake Co.,
OH

Cleveland Electric
Illuminating Co.
(Perry 2)

50 441

6/25/73

3579

1205 BWR

Lake Co.,
OH

Consumers

50 475'

Bay Co., Ml

50 476'

Bay Co., Mi

(Perry 1)

Power Co.
(Quanicassee 1)
Consumers Power
Co. (Ouanicassee

2)

Detroit Edison Co.

50 452

9/17/73

3600

1200 PWR

(Greenwood 2)

Detroit Edison Co.
(Greenwood 3)
Rochester Gas &

Electric Corp.
(Sterling 1)
Toledo Edison Co.
(Davis-Besse 2)
Toledo Edison Co.

St. Clair
Co., MI

50 453
50 485

9/17/73
6/21/74

3600
3411

1200 PWFl

St. Clair

1150 PWR

Co., MI
Oswego

Co., NY
50 500

8/9/74

2772

906 PWR

50 501

8/9/74

2772

906

(Davis-Besse 3)

PWR

Ottawa Co.,
OH
Ottawa Co.,

OH

*Application withdrawn 8/2/74 due to financial and power requirement considerations.

Table 5.
19752

Licenses in Effect for Production Facilities as of 1 January

Applicant

Docket

License No.

Date Issued

Nuclear Fuel
Services, Inc. &

50 201

CSF 1

4/19/66

New York State

Atomic
Development

Authority

Location

Ashford, Cattaraugus
Co., NY
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Table 6. Licenses in Effect for Operating Research Reactors as of 1
January 1 9752
Applicant

License
No.

Date
issued

Authorized
Power Level

R 106

7/3/67

100 Kw

Midland,

50 294

R-114

3/21/69

250 Kw

Lansing, MI

50-30

TR 3

3/14/61

60 Kw

50 57

R 77

3/24/61

2000 Kw

Docket

Dow Chemical Company 50-264

(TRIGA Mark I)
Michigan State
University (TRIGA
Mark I)
National Aeronautics 8-

Space Administration
(Plum Brook
Reactor) P.O.
Requested
State University of New
York

Location
MI

Sandusky,

OH

Buffalo, NY

Not Operating

sumption of 641 tonnes/yr. For comparison, one tonne of bulk nuclear
fuel replaces about 10 tonnes of fossil fuel. Thus, the values given above
represent an annual sparing of fossil fuel transported into the Basin of
20.3 megatonnes currently, 55.3 megatonnes U.S. projected, and 64.1
megatonnes Canadian projected. For perspective, the latter total represents a saving of about 360,000 tons of coal per day!
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Reported adioactive Ef uents from
Power Reactors on the Great Lakes
M. Schumacher
U.S. Nuclear Regulatory Commission, Glen Ellyn, Illinois

here are currently 11 United States light water power
reactors with a total generating capacity of about 7500
MW(e) operating on the Great Lakes. Eight of these, with a capacity of

5600 MW(e), are on Lake Michigan, and the remaining three are on Lake

Ontario. In addition, there are ve operating Canadian heavy water
reactors with a generating capacity of 2250 MW(e). Four of these plants
are on Lake Ontario and one on Lake Huron. This presentation will
discuss the measured radioactive ef uents from the seven U.S. plants,
which have reported releases as of December 31, 1973. The plants are
described in Table 1.

Table 1.

Operating U.S. Reactors on the Great Lakes (March 1975)

Name
Big Rock
Point
Kewaunee
Palisades
Point Beach 1
Point Beach 2
Zion 1
Zion 2
D. C. Cook 1
Fitzpatrick
Ginna
Nine Mile
Point 1

Location

Type

Rating
MWe (Net)

Date
Commerciai Open

Cooling
Source2

Charlevoix, Ml
Kewaunee, WI
South Haven,
MI
Two Rivers, WI
Two Rivers, WI
Zion, IL
Zion, IL
Bridgman, Ml
Oswego, NY
Ontario, NY

BWR
PWR

72
560

3/63
6/74

L. Michigan
L. Michigan

PWR
PWR
PWR
PWR
PWR
PWR
BWR
PWR

821
497
497
1050
1050
1090
821
490

12/71
12/70
4/73
12/73
9/74

3/70

L. Michigan
L. Michigan
L. Michigan
L. Michigan
L. Michigan
L. Michigan
L. Ontario
L. Ontario

Oswego, NY

BWR

610

12/69

L. Ontario

Undergolng testing at reduced power.
2All plants listed use once-through cooling.
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Plant Characteristics

Operating light water power reactors are of two types: boiling
water reactors (BWRs) and pressurized water reactors (PWRs). In a
BWR, the primary coolant is boiled in the reactor vessel creating steam
that is used to drive the turbine generator. Heat is removed from the
spent steam at the condenser, and the condensate is returned as feedwater to the reactor. In a PWR, heat is transferred from the pressurized

primary coolant across a steam generator to create steam in a secondary
coolant circuit, and this steam is used to drive the turbine generator.

Heat is removed from the spent steam at the condenser and the conden-

sate is returned as feedwater to the steam generator. In both types of

plant, the heat removed from the steam is transferred to the cooling
water circulating through the condenser tubes, and then to the ultimate

heat sink. These circuits are shown schematically in Figure 1. All of the
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operating U.S. reactors on the Great Lakes currently use once-through
cooling in which condenser cooling water is taken directly from and
discharged to the lake.
Sources of Radioactive E luents

Radioactivity is produced in the reactor fuel as a by-product
of ssion. Most remains in the fuel but a small fraction will migrate
through the fuel and its cladding or through leaks in the cladding to the
primary coolant. Additional radioactivity reaches the primary coolant as
a result of ssioning of tramp uranium and from neutron activation of
trace materials and gases in the coolant and of steel corrosion products.
Throughout the operation of a plant, the primary coolant is treated to
maintain water quality for such parameters as radioactivity, conductiv
ity, dissolved gases, pH, silica, chlorides, and solids content. Such

treatment generates contaminated liquids, gases, and solids that are
processed by the radioactive waste systems.
Gaseous wastes result primarily from the degassing of the
primary coolant. In a BWR, this occurs primarily at the turbine condenser from which gases are continuously extracted by an air ejector.
Most of the removed gas is due to air inleakage at the condenser which
must be removed to maintain condenser vacuum, but it also contains

ssion and activation gases carried over with the steam. This off gas is
treated, monitored, and released. Treatment in current BWRs generally
consists of providing piping suf cient to delay the release for 30 to 60
minutes followed by high ef ciency lters. In a PWR, degassing of the
primary coolant occurs in a side stream that is continuously circulated
through a reactor coolant treatment system. There the gases are removed and batch-transferred to holdup tanks where they are allowed to
decay before release or further processing. Decay times are typically
greater than 30 days which permits signi cant decay of ssion gases
other than krypton 85.
Other gaseous wastes originate with leaks from vessels and
piping containing primary coolant or steam, or other contaminated liquids
and gases. These wastes are picked up and exhausted with the local
ventilation air. Ventilation pathways that might possibly carry signi cant releases are ltered and monitored, or are monitored With provisions
to terminate or treat releases if they become signi cant. Gaseous radwaste release pathways in representative plants are shown schematically
in Figures 2 and 3.
Liquid radioactive wastes result from primary coolant leaks
(including condensate and feedwater leaks in a BWR) that occur through
such components as valve stems, anges, and pump seals. Other liquid
wastes come from the regeneration and backwash of demineralizers and
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lters, and from laundry, equipment, decontamination, shower and laboratory drains. These waste streams are segregated according to origin
so that liquids of near coolant quality may be treated and reused in the
plant. Lower quality liquids are treated and returned to the plant or
discharged, depending on their quality, the treatment capabilities, and
the plant water balance. In a PWR, steam generator blowdown will carry
radioactivity if a primary to secondary leak exists. Normally, steam
generator blowdown is monitored and released. However, if primary to
secondary leaks occur, this

ow is diverted to a blowdown treatment

system before release. Liquid waste discharges are made by bleeding
them at a controlled rate into the condenser cooling water discharge
ows. This dilution ow may range from about .1 to 1 million gallons per
minute depending on the size of the plant. Liquid radwaste treatment
systems for representative plants are shown schematically in Figures 4
and 5.
Radioactivity Releases

Release rates from a given plant are limited by the technical
speci cations appended to its operating license so that offsite concentrations are consistent with the limits expressed in 10 CFR 20.I The
speci cations will also incorporate commitments made by or additional
restrictions imposed on the licensee for lower releases. Rates set for
airborne releases take into account site dispersion characteristics based
on average annual meteorology and the permissible concentration in
unrestricted areas for the isotopes released. Liquids must be released at
a rate such that the concentration in the ef uent stream is below the
limits speci ed for unrestricted areas. No credit may be taken for
subsequent dilution in the receiving water. The technical speci cations
also require that ef uent pathways be monitored and that batch wastes
be sampled and analyzed before release.
All licensees are required to report their releases semiannually to the Nuclear Regulatory Commission. These reports are available for review in the public document rooms in Washington, DC. , and in

the plant locality. The reports give an isotopic breakdown of the releases
of radionuclides in airborne and liquid e iuents, the dilution volume for
liquids and a comparison with the permissible release. From these
reports, the Commission prepares an annual summary of the releases
from all operating power plants. Tables 2 and 3 showing selected
radionuclides released from plants on the Great Lakes were compiled by
the author from the 1973 semiannual reports submitted by the licensees.
The air-borne data, representing the aggregate releases via
all identi ed pathways, have been segregated according to noble gases,
tritium, iodines, and particulates. This classi cation re ects the nature of

JEE

-
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the monitoring methods used. A typical monitoring train consists of a
high ef ciency particulate lter, followed by a charcoal cartridge for
halogens, followed by a noble gas monitor. The particulate and iodine
samples are removed and analyzed periodically. The noble gas monitors
are calibrated based on periodic samples from the air ejector of a BWR
and from primary coolant or gas decay tank samples for a PWR. The
variations observable in Table 2 re ect differences in plant characteris-

tics, size, age, fuel performance, waste treatment systems, and operating experience during the report period. Radioisotopes in liquid ef uents

have been classi ed according to origin as ssion products, corrosion
products, dissolved noble gases, and tritium. Observed variations re ect

plant characteristics, operating history, fuel performance, and water
management capability. The most noteworthy feature is the small discharge of liquid wastes from Zion. Aside from this anomaly, which stems
from the plants augmented waste handling capability, tritium discharges
from PWRs tend to be signi cantly greater than from BWRs. This
results from tritium-producing neutron interactions with the dissolved
boron used for reactivity control in a PWR. Overall, concentrations of
radioactivity in the liquid discharges from these plants is of the order of 1
percent or less of that permitted by the regulations.
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Table 2.

Airborne Radioactivity Releases, 1973 (Curies)
Palisades

Noble Gases (Total)
.35
Kr 85m
Kr 87
Kr 88
Xe-133
X&133m
Xe 1 35

4.5(2)
2.4
2.3

Big Rock
Point

Pt. Beach
1 &2
Zion 1

1 .9
4.2(2)
7.4
1 .4(1)

2.4(5)
1 .2(3)
1.3(4)
3.4(4)
2.1 (4)
2.6(4)
1.0(3)
45(4)

5.8(3)
2.3(2)
2.3(2)
1 .6(2)
1.9(2)
2.2(3)
1.5(3)
1 .1 (3)

Tritium

1.8( 1)

7.7(1)

2.6(1)

lodlnes
l 131
I-133
l-135

2.B( 1)
8.9( 3)
7.4( 4)

4.6
3.9( 2)
3 9( 2)

1.1( 2)
1.0( 2)

Partlculates
Gross B'y
00 58
60 60
Sr-89
Sr 90
Cs-134
69-1 37
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2.4( 2)
1.8( 2)
3.4( 4)

2.9( 5)
5.7( 4)

4.2

1.1( 3)
5.9( 4)

( ) Numbers in parentheses denote powers often

Ginna

8.7(5)

5.8(2)
6.0(1)
9.9

6.0(4)
7.2(4)
2.3(5)
8.3(4)

6 7(-7)
5 2( 7)

5.4(-1)
6.3(-2)
1.7( 2)
-

Point 1

-

4.4(2)

2.8(5)

6.5(1)

2.7(1)

1.1

2.0
1 .6
2.0( 1)

5.3( 4)
4.6( 4)

5.0( 2)
5.1(-4)
7.6( 3)
7.3( 3)
1.2( 4)
6.6(-3)
1 .1 ( 2)

3.0( 5)
7.3(-6)

5.6( 6)
1 .7( 5)
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Table 3.

Liquid Radioactivity Releases, 1973 (Curies)
Palisades

Big Rock Pt. Beach
Point
1 8. 2
Zion 1

9 Mile
Point 1

Ginna

6.3(11)

1.0(11)

1.0(12)

4.3(11)

4.6(11)

7.6(11)

1.4

8.0( -1)

1.6( 10)

4.1(1)

1.0( 1)

4.3( 8)

1.3( 8)

7.9( 10)

8.8( 8)

1.3( 10)

1.8(2)

2.0(1)

5.6(2)

4.6(1)

2.9(2)

4.8( 1)
1.0(1)
4.6( 1)
2.3( 3)

2.7(
2.9(
2.1(
7.5(

1.0( 3)
1.0( 3)
1.0( 3)

3.3

1.0(- 3)
1.1( 2)
9.2( 3)

Sr 89
Sr SO

1.6( -3)

4.6( 3)
1.1( 4)

1.0(-3)

H 31
l 133

3.6( 1)
3.6(-2)

6.3( 2)
--

1.0( 3)
-

Cs 134
Cs 137

8.8( 1)
1.9

2.4( 1)
5.1( 1)

Dilution Volume (liters)

Gross Activity
Beta-Gamma (Less H3) 2.7(1)
By Concentration

(uCi/ml)
Tritium
Corrosion Products

Mn
Co
Co
Zn

54
58
so
65

2)
2)
1)
4)

-

5.0

Fission Products

Dissolved Noble Gases

2.6

4.7( 1)

3.2( 1)
4.2( 1)
6.0(-3)

( ) Numbers in parentheses denote powers of ten

-

2.5
2.8( 1)

6.9( 4)
-

9.0
1.9(1)

1.7( 2)
3.4( 2)

8.2( 2)

3.2( 4)

i.

Radio Emissions from Nuclear Fuel Cycle

173

Radio Emissions from the Nuclear
Fuel Cycle
D. R. MacFarlane

Environmental Technology Assessment Inc., 600 Enterprise Drive,
Suite 214, Oak Brook, Illinois
Even though the generation of electric power from the
ssioning of uranium in nuclear reactors is a relatively
recent development, the radiological hazards which are generated by this
activity are not unique and, in fact, have been part of man s environment

throughout his entire history. Man has adapted over centuries of exposure to low levels of background radiation from cosmic rays, and
naturally occurring radioactivity in the earth s crust. In contrast, the

pollutants from fossil-fuel combustion, namely, sulfur dioxide, oxides of

nitrogen, carbon monoxide, hydrocarbons, particulates and ash are actually relative newcomers to our environment, and are closely tied to rapid
industrialization during the past 100 years.
In popular discussions on the addition of radioactivity to our
environment from the generation of nuclear power, much of the emphasis
has centered around the. radioactive emissions from nuclear power
plants. The radioactive emissions from commercial nuclear power plants
have never been large and are being reduced even further through
improvements in plant radioactive waste processing systems. The major
portion of long-term environmental impact (albeit minor) on human
populations are the radioactive releases from other steps in the nuclear
fuel cycle. This paper presents a survey of the radioactive emissions from
the nuclear fuel cycle during normal operations, excluding nuclear reactors. Radioactive releases due to operational errors, equipment malfunctions, or accidents are not discussed, as primary emphasis is on the
radioactivity, in liquid or gaseous form, which is routinely released to
water to air.
While it is recognized that there are other signi cant environmental impacts from the nuclear fuel cycle due to commitment of

e

_
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land areas, thermal discharges, consumption of fossil fuels for power
needs, release of chemical wastes, and burial of low-level solid radioac

tive wastes, they are beyond the scope of the present discussion.
Overview of the Nuclear Fuel Cycle

Figure 1 is a schematic drawing of the complete uranium fuel
cycle as envisioned today for light water reactors (LWRs). The discussions will focus on this fuel cycle since the high temperature gas cooled

reactor (HTGR) and the liquid metal fast breeder reactor (LMFBR) use
different fuel cycles which are, to a large degree, undeveloped at this
time. Currently, there are several uncertainties associated with the

LWR fuel cycle depicted in Figure 1:
(1) Even though it is shown in the gure, the recycle of
depleted uranium from fuel reprocessing as feed stock for the diffusion
plant has not been accomplished in practice. There is some uncertainty
about the speci cations which will be placed upon this recycled uranium
by ERDA because of attendant problems with ssion product and uranium 236 build-up in the diffusion plants.
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(2) Although plutonium recyclin
g into LWRs is a long range
objective, the implementation is currently in the early
planning stage and
is not likely to take place for some years in the future
.
(3) The methods for long-term storage of
high-level radioactive wastes are currently in the planning and development
stages, and

consequently will probably change in the future.

Radioactive wastes are generatediin practically all
parts of

the nuclear fuel cycle and are collected as gases, liquids
, or solids in

varying quantities and concentrations. They are norma
lly classi ed into
two primary categories: high-level and other than high-l
evel. High-level
radioactive waste contains more than 99 percent of the ssion
products

generated in the reactor fuel and comprises the most dif
cult waste
management problem in the nuclear fuel cycle because it
has high heat

generation rates and must be stored or disposed of in a manne
r that

provides for continuous heat dissipation. All other waste,
regardless of
the source in the fuel cycle, falls into the other than high-level
category,
which has been further subdivided for purposes of waste manag
ement
planning into beta-gamma waste, alpha (or trans-uranium contam
inated)
waste, and noble gas waste. They are normally released to the
environment in small quantities as liquids or gases, or buried in solid
form in
commercial low level waste burial grounds.
Radioactive Emissions From Individual Nuclear Fuel Cycle Steps
The various steps in the nuclear fuel cycle are described below
in brief and a summary of liquid and gaseous radioactive e iuents is
given. Most of the data presented are taken from two recent ERDA
environmental impact statements on the nuclear fuel cycle. ~2 Quantities
of radioactive ef uents are presented for a so-called model facility for
each full cycle processing step. These quantities are then normalized to a
model 1000 MW(e) 'LWR so that direct comparisons and an overall
tabulation of the ef uents from the various steps can be made. The
normalized data are tabulated in Table 1 for those fuel cycle steps which
routinely release liquid or gaseous radioactivity to the environment and,
therefore, are potential contributors to population doses.
Uranium Mining

The uranium produced in the United States in recent years
has been by either open-pit mining or underground mining. A recent
survey showed that 29 open-pit mines of sizes ranging up to 700,000
metric tons per year produce about 53 percent of the total ore, while 193
underground mines of capacity ranging up to 230,000 metric tons per

year produced most of the remainder. The assay of uranium ore averaged

about 0.2 percent or 4 lbs. of U308 per ton of ore. About 70 percent of the
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Table 1. Summary of Radioactive Effluents Released to the Environment from the Nuclear Fuel Cycle Normalized to Model [1000
MW(e)] LWR Annual Fuel Requirement (Curies)
Fuel Cycle Step

Mining Milling

Gases
Rn-222
Ra 226
Th-230
Uranium
Tritium
Kr-85
H 29
H 31
Fission
Products
Transuranics
Liquids
Uranium 8:
Daughters

-

Fuel
Fab.

74.5
0.02
0.02
0.03 0.00015 0.002 0.0002
-

-

3

600

0.044

0.0034
0.001 5
---

Reprocessing

0.02

-

74.5
0.02
0.02
0.032
16,700
16,700
350,000
350,000
0.0024
0.0024
0.024
0.024
1 .0
0.004

2.1

0.02

-

Totals

-

1 .0
0.004

-

Ra 226
Th 230
Th 234
Tritium
Ru-106
Cs 137
Sr 90

UF6 Enrichment
Prod.

-

0.01
2,500
0.15
0.075
0.004

0.0034
0.0015
0.01
2,500
0.15
0.075
0.004

Source: Reference 1

ore is produced in New Mexico and Wyoming and an additional 17 percent
is produced in Colorado and Utah.
For purposes of this discussion, the model is a 3,000 acre
open-pit mine producing about 1,600 metric tons of ore per day. This mine
is large enough to supply the capacity for approximately 5 model LWRs
[1,000 MW(e)]. Since uranium mines are usually located in particularly
remote areas, the average population density within a 50-mile radius of
such a mine would be about 5 to 10 people per square mile.
(1) Liquid Ef uents
Approximately 1,500 gallons per minute of water is pumped
from the model mine to keep it dry while the ore is being extracted. The
concentrations of the radionuclides present in the water (alpha and beta

emitters consisting of uranium and its natural decay daughters, with
radium 226 being predominant) are in concentrations well below the
limits for release to unrestricted areas speci ed in 10 CFR Part 20. Since

1
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this trace radioactivity, amounting to several curies per model LWR
annually, is removed from the water by natural ion exchange processes
during seepage from a settling pond through the soil
as it returns to
the water table, there is essentially no release to the environ
ment.

(2) Gaseous E iuents
Some airborne radioisotopes, such as radium-bearing dust and

radioactive radon gas and its daughters, are released to the atmosphere

when the ore is exposed and broken up during mining operations.
However, attempts by the Bureau of Mines to measure radon concen-

trations in existing open-pit mines revealed no signi cant alpha radioactivity.1 Therefore, the concentrations of airborne radionuclides in unre-

stricted areas further than 600 meters from the model mine are expected
to be undetectable.
(3)

General Population Exposure from Mining

The BEIR report 3 and a USEPA report4 both conclude that
While uranium mining activities increase the amount of uranium and its
decay products exposed to the air, these activities do not cause measur
able increases in environmental radioactivity outside the immediate
vicinity of the mines. This, coupled with the low population densities near
uranium mines, means that the population dose attributable to uranium
mining activities is essentially zero.
Uranium Milling

A uranium mill extracts uranium oxide by mechanical and
chemical processing of the ore, producing a semi-re ned product called
yellowcake which is concentrated in UxO... There are fourteen mills
operating in the United States with a current combined processing rate
of about 21,500 tons of ore per day. They vary in capacity from about 500
to 7,000 tons per day, with most operating in the range of 900 to 2,000
tons per day, and are located in New Mexico, Wyoming, Utah, Colorado,
Texas, and Washington.
Two alternative methods are normally employed for uranium
milling operations in the United States: leaching by acid or by sodium
carbonate. In acid leach mills, the ore is ground and leached with sulfuric
acid in the presence of an oxidant. After separation from undissolved
solids, uranium is recovered and separated from impurities in the sulfuric
acid leach solution, either by solvent extraction with an amine or by use
of an ion exchange resin. The uranium is precipitated, usually as ammonium diuranate, dried and packaged for shipment. In the alkaline
leach mills, ore is ground much ner than in the acid process and is
leached with a sodium carbonate-bicarbonate solution at elevated temperature and pressure using air or an oxygen-air mixture as oxidant. The
carbonate is more selective than the acid leach so that it is not necessary
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to purify the solution before precipitating uranium with sodium hydroxide. In recent years, however, some alkaline leach mills have had to

purify their yellowcake product by dissolving it in sulfuric acid, reprecipitating with hydrogen peroxide or ammonia in order to meet the
allowable product sodium content.
For the present discussions, a model uranium mill is assumed
to be adjacent to the open-pit mine or source. Based on the present
uranium industry data and known ore reserves, the mill is located in an
arid, isolated region in one of the western states. The total population
Within a 50-mile radius is typically 600,000 people, with a population
density of approximately 5 to 10 people per square mile. The capacity of
the uranium mine is nominally 1,600 metric tons of ore per day, which

yields a production rate for the milling operation of 960 metric tons of
uranium concentrate (U300 annually. This is the annual requirement for
the fuel for about ve model LWRs.
(1)

Liquid E iuents

The approximately 1,600 metric tons per day of solid waste
tailings, composed of sandstone and clay particles and discharged from
the mill as a liquid slurry, contain about 85 percent of the radioactive
materials originally in the ore. As shown by the data in Table 1, this
amounts to 600 curies/year of low-level activity per model LWR.
The slurry is pumped to a tailings retention pond system
which uses an earth dam and local topographical features to form an
impoundment. Since concentrations of radioactive materials in the waste
liquor are about an order of magnitude above the limit speci ed in 10
CFR Part 20, considerable effort is exerted to prevent release of this
material to the environment. The tailings retention pond is constructed to
prevent discharge of waste liquid and tailings into the surface water
systems and minimize percolation into the ground. Monitor wells are also
provided to detect seepage as soon as it occurs and a collection system is
provided to return any seepage to the pond. In the event of increased
concentration of impurities appearing in the monitoring wells, measures
directed toward locating and sealing the source of seepage would be
initiated to prevent contamination of the ground water.
(2) Gaseous E luents
In the tailings retention pond, radioactive decay continues,
resulting in a discharge of gaseous radioactivity (primarily radon 222) to
the atmosphere. As shown in Table 1, this amounts to 75 curies/year per
model LWR.
(3) General Population Exposure from Milling
Population doses attributable to the uranium milling industry
are expected to be quite low. While uranium milling activities contribute
radioactivity to the environment to some degree, it appears from avail-
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able measurements that the population doses from this
course cannot be

distinguished from background.

Uranium Hexa uoride Production

An important step in the nuclear fuel cycle
is the conversion

of uranium ore concentrate (primarily U30.) to
volatile uranium hex-

a uoride (UF.;), which is the feedstock for the gaseous
diffusion uranium

enrichment plants. The total domestic commercial indust
ry for converting natural uranium to UF.i currently consists of
two plants having a
capacity of about 17,300 metric tons of uranium per year.
These existing
commercial facilities are located in Metropolis, Illinois,
and in Sequoyah,
Oklahoma. Each plant uses a different process for produc
tion of UF.,. In

the hydro uor, or dry process, the uranium concen
trate feedstock is

l

i

l

il

l

carried through successive reduction, hydro uorination, and
uorination
steps in uidized bed reactors, after which the crude UFU
is puri ed by
fractional distillation. The second method, a wet proces
s, employs a
solvent extraction step at the head end of the process to
prepare high
purity uranium oxide feedstock prior to the reduction, hydro
uorination,
and uorination steps. Although both processes deliver
the same end
product, their waste ef uents are quite different. The hydro
uor process
generates mainly gaseous and solid waste, while the wet proces
s produces mostly liquid ef uents.
For purposes of this discussion, the model plant combi
nes the
two processes and has a capacity of 5,000 metric tons uraniu
m/year,
which is capable of supplying the annual fuel requirements of
28 model
LWRs. The range of the population densities in the vicinity of the
two
existing UFH plants is 35 60 people per square mile.
(1)

Liquid E iuents

There are two major aqueous waste streams associated with
UF,» production. Most of the radioactive contaminants in the liquid waste
are in the ra inate stream from the head-end solvent extraction process
.
This is not released, but held in settling ponds and eventually buried. A
second stream, made up mostly of cooling water and dilute scrubber
solutions, represents the bulk of the water use and is released to a river.
Radioactivity in this liquid ef uent, originating primarily from natural
uranium, has been found to be below 10 percent of the maximum
permissible concentration permitted for release to unrestricted areas by
10 CFR Part 20.
The estimated quantity of radioactivity in solid waste from
the dry hydro uor portion of the model plant is 24 curies/year or 0.86
curies/year per LWR. This radioactivity, due mostly to thorium 230, is
contained in ash residue which is packaged and consigned for disposal at a
licensed commercial burial ground.
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(2)

Gaseous Ef uents

The quantity of natural uranium in exhaust ventilation air
sources associated with the wet solvent extraction
process
all
from
0.014 millicuries per day from the model UFi;
approximately
is
process
per model LWR. This does not constitute a
curies/year
plant, or 000015
tal effect since the calculated conenvironmen
cant
potential for signi
air at the plant site boundary is only
the
in
centration of natural uranium
CFR Part 20 limit.
10
the
of
on the order of 0.1 percent
(3) General Population Exposure from UF.i Production
The solvent extraction step used in the wet UF, conversion

process is very similar to that used in many uranium mills, therefore
most of the radioactivity is retained in settling ponds on site. The
reduction, hydro uorination, and

uorination steps, however, release

very small amounts of radioactive materials to air and water. Thus, while
the UF,; conversion industry does contribute radioactivity to the environment, it is extremely small and not dispersed. Therefore population
doses are negligible.
Uranium Enrichment

Natural uranium contains about 0.7 percent of the ssionable
isotope uranium 235, and enrichment of this isotope to a concentration in
the range of 2 to 4 percent is necessary to provide fuel for an LWR. The
only method currently used in the U.S. to produce commercial quantities
of enriched uranium is the gaseous diffusion process.
All the enrichment services for the US. nuclear industry are
provided by three government-owned, contractor-operated gaseous diffusion plants located at Oak Ridge, Tennessee, Paducah, Kentucky, and
Portsmouth, Ohio. These existing facilities were built during the period
1943-1955 to meet enriched uranium requirements for military use, but
because of the decline of such needs, the output of the three plants was
reduced substantially in the 19605. They are presently operating at a
production level of 10.5 million kilogram separative work units (SWU)5
per year and an electrical power load of about 3,250 MW.
ERDA is now increasing the production capacity to meet the
present and anticipated requirements of the rapidly expanding nuclear
power market and a $670 million program is currently underway to
improve the performance and increase the capacity of the three plants.
The improved and uprated plants will have anannual capacity of 27.7
million kg SWU at a power level of 7380 MW.
For the present discussion, the existing gaseous diffusion
complex of three plants is the basis for the model enrichment plant. At
the 10.5 million kg SWU/year operating level, the plants will supply fuel
for about 100 model LWRs.
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The population densities in the vicinity of the gaseo
us diffusion plants range from 30 to 40 persons per square mile.
(1)

Liquid Ef uents

Some uranium is released in liquid waste from proce
ss cleanup operations and from auxiliary production facilities at
the enrichment

plant. Based on available data, the quantity of uranium and
daughter
preducts in liquid ef uents amounts to 0.02 curies/year per model
LWR

(Table 1). The concentration of this material in the ef uent
liquid stream
is approximately 0.2 percent of the 10 CFR Part 20 limit.
(2) Gaseous E iuents
Small quantities of uranium are released from the proces
s and
auxiliary systems of the enrichment plants. The amount of airborn
e

uranium discharged annually per model LWR is about 0.002
curies (Table

1). An estimate of the off site concentration in air is less than 2
percent of
the limits of 10 CFR Part 20.
(3) General Population Exposure from Uranium Enrichment
The important isotopes released from the enrichment
plants
are uranium 234, 235, and 238 and their naturally occurring
daughters.
As indicated, minor amounts of these radioisotopes are release
d to air
and water at gaseous diffusion plants; however, since the quantit
ies are
extremely small, they do not measurably increase the exposure of
the
general human population.
Fuel Fabrication

The feedstock for the fabrication of fuel for an LWR is UFu
enriched from 2 to 4 percent in uranium 235. At the fuel fabrication plant
UF6 is converted to U02, formed into pellets and sintered to achieve the
desired density. Finished pellets are then placed into Zircaloy tubes
which are tted with end caps and welded shut. The resulting completed
fuel elements are then assembled into fuel sub-assemblies.
The predominant method for conversion of UF6 to UO2 is a
wet process involving the use of ammonium hydroxide to form the
intermediate compound ammonium diuranate prior to nal conversion to
U02. Alternative dry processes have been developed, and these proprietary processes offer potential for lower capital and operating costs as well
as having waste management advantages.
There are ten commercial LWR fuel fabrication plants now
operating in the US. Three plants use enriched UF ; feed material and
produce completed LWR fuel sub-assemblies, while four others start
with UFG and produce only UO2 powder or pellets. The remaining three
plants start with U02 powder or pellets and produce completedfuel
sub-assemblies. The two plants located closest to the Great Lakes wa-

tershed are the Gulf United Nuclear Plant at Hematite, Missouri, and the

L

182

DR. MacFarlane

Nuclear Fuel Services Plant at Erwin, Tennessee. Both use UF, as a
starting material and produce UOZ powder or pellets as a product. The

population densities for the area surrounding these two plants are 300
persons per square mile and 110 persons per square mile, respectively.
The combined production capacity of all ten plants exceeds
reactor fuel needs for the next several years. However, because of

increasing demands for fuel, plans are now being made for substantial

expansion of this production capacity over the next ve years. Much of

this increased capacity will be achieved through the expansion of existing
plants.
For purposes of this discussion, the model fuel fabrication
plant has a capacity of three metric tons of uranium per day, suf cient to

supply the annual fuel requirement for 26 model LWRs.
(1) Liquid Ef uents
Although most of the thorium daughters of uranium are
separated from the uranium at the milling plant (see Uranium Milling),
the thorium 234 daughter, with a half-life of 24 days, returns to within 99
percent of secular equilibrium in about 170 days. Some of this thorium
234 appears as radioactivity from holding ponds which receive liquid
wastes from the plant. It is estimated that the radioactivity released
from the ponds is approximately 20 millicuries of uranium and 10 milli-

curies of thorium 234 annually for a model LWR (Table 1). The average
concentrations of these radionuclides are less than 10 percent of the 10
CFR Part 20 limits for release to an unrestricted area.
Calcium uoride precipitate from the liquid waste stream can
be retained on-site or removed for burial elsewhere. This solid waste
produced is about 0.23 curies/year of uranium per model LWR.
(2) Gaseous Ef uents
Process off gases from the UF.; conversion and scrap recovery
operations are passed through scrubbers, demisters, and HEPA lters
before release to the atmosphere. This treatment of off gases is suf cient
to reduce the uranium concentration at the point of release (stack) to
approximately the 10 CFR Part 20 limit for release to unrestricted areas.
The total quantity of activity released from the model fuel fabrication
plant is 0.005 curies/year 0r 0.0002 curies/year per model LWR. The
average airborne concentration at the plant site boundary is estimated to
be less than 0.1 percent of the 10 CFR Part 20 limit.
(3) General Population Exposure from Fuel Fabrication
The isotopes released from fuel fabrication plants are ura
nium 234, 235, 238, thorium 234 and other uranium daughters, all natu

rally occurring radioisotopes. Because the quantities released are so
small, it is unlikely that fuel fabrication activities in the U.S. will
contribute detectable radiation doses to the general population. How-
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ever, the speci c isotopes and quantities releas
ed will change for fabri

cation of mixed oxide fuels when plutonium is recycl
ed into LWR fuel.2
Fuel Reprocessing

The build-up of ssion products and depletion
of ssile mate
rial during reactor operation requires that one-t
hird to one-quarter of an
LWR reactor core be replaced annually. The
discharged fuel elements
contain approximately one-third of their original
uranium 235 content,
plus plutonium that is produced during uranium
238 irradiation in the
reactor. Accordingly, irradiated fuel is reprocessed
to recover reusable

uranium and plutonium and remove ssion produ
cts. It is planned that
recovered depleted uranium will eventually be recycl
ed into new fuel
after reenrichment in the gaseous diffusion plants, althou
gh so far this
has not been done.
At present, there are three commercial LWR fuel
reprocess
ing plants in the US; although none are operating
at this time. The
Nuclear Fuel Services (NFS) plant near West Valley,
New York, is the
only commercial fuel reprocessing plant which has operat
ed in the US,
but it is currently shut down for modi cations which
will increase its

capacity and reduce the amount of radioactive materials
that it dis-

charges. The Barnwell Nuclear Fuel Plant (BNFP)
near Barnwell, South

Carolina, is under construction and is due to start up in
late 1976. A third
plant, the Midwest Fuel Recovery Plant (MFRP) near Morris
, Illinois,
has encountered serious problems during startup operations.
It is un
dergoing a complete technical review pending a decision on whethe
r the
plant should be abandoned or redesigned and rebuilt. Thus,
although
projections had called for these plants with a combined annual
capacity of
2,700 metric tons of uranium to be operational in the US. by
the middle
1970s, the availability of this capacity is now in serious doubt.
The population density around the three reprocessing plants
varies from 35 persons per square mile at the BNFP to 150 person
s per
square mile at the MFRP.
Spent fuel sub-assemblies are received at the reprocessing
plant via truck or rail in heavily shielded shipping casks. After storage
to
permit short half~life ssion product radionuclides to decay (about 150
days), the fuel rods are chopped into short pieces exposing the uranium

dioxide pellets. The oxide is then leached with hot nitric acid, leaving

behind the chopped remains of the fuel cladding. The nitric acid solution
containing uranium, transuranics and ssion products is then processed

by solvent extraction (Purex process) and ion exchange to separat
e

ssion products. uranium and plutonium. Puri ed uranium product is
converted to UF.; and puri ed plutonium is recovered as plutonium
nitrate.
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High-level radioactive liquid waste which contains more than
99 percent of the non-volatile ssion products is produced in the solvent
extraction step. Although these high-level wastes have been stored in
liquid form at existing plants, ERDA regulations now require that they
be converted to solid form within ve years after the fuel is reprocessed,
and transferred to a federal repository within ten years.
For purposes of the following discussion, the model fuel
plant is a composite of the three existing plants normalized
ing
reprocess
to a capacity of 900 metric tons of uranium per year. This is suf cient to
supply the annual fuel requirements for 26 model LWRs.
(1) Liquid E luents
Of the three fuel reprocessing facilities discussed above, only
the Nuclear Fuel Services (NFS) plant will release radioactivity in liquid
ef uents. The model plant releases approximately 65,000 curies of tritium, 4 curies of Ru 106, 2 curies of Cs 137 and 100 millicuries of Sr 90.
As shown by Table 1, this amounts to 2,500 curies of tritium, 0.15 curies
of Ru 106, 0.075 curies of Cs 137 and0.004 curies of Sr 90 per model
LWR. Since the NFS plant is atypical of those now being constructed or
likely to be constructed in the future, it constitutes an overestimate of
the amount of radionuclides which will be released in liquid form. With
the new low-level waste treatment system being installed at the NFS
plant, the off-site concentrations for Cs 137 and Sr 90 have been estimated to be less than 0.1 percent of the 10 CFR Part 20 limits at the
point of release.
(2) Gaseous Releases
In the existing fuel reprocessing plants, essentially all of the
krypton 85 and tritium ssion products in the spent fuel are released
with gaseous ef uents from the plant. Other radioisotopes released in
much smaller quantities with gaseous ef uents are gaseous radioiodines
and particulate ssion products and transuranic isotopes. The quantities
of tritium and krypton 85 released from the model reprocessing plant are
430,000 curies and 9 million curies per year, respectively. As shown by
Table 1, this amounts to 16,700 curies of tritium and 350,000 curies of

krypton 85 per year per model LWR. These releases are by far the
largest in the nuclear fuel cycle.
(3) General Population Exposure from Fuel Reprocessing
Based on the releases of krypton and tritium to the atmosphere, the annual doses to a person at the site boundary of the model fuel
reprocessing plant would be 2.5 millirem to the whole body, and 9.2
millirem to the skin. Corresponding annual exposure to the population
within a 50 mile radius of the plant based on these releases is estimated
to be 167 man-rem, or 6 man-rem per model LWR.l The average dose to a
person Within 50 miles is 0.055 millirem (0.04 percent of background).
The estimated average per capita dose in the US. in the year
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2000 due to all nuclear power associated activities is 0.4 millirem. Most of
this dose is due to the krypton 85 and tritium released at fuel reproc-

essing plants. Because the release of these gaseous ef uents during fuel
reprocessing constitutes the major, although small, population dose from

the uranium fuel cycle, ERDA is sponsoring research to develop methods

for trapping and retaining these isotopes.

Implications for Great Lakes Watershed

The major future radiological impact to the US. population
from the nuclear fuel cycle arises from releases of gaseous radioisotopes

during fuel reprocessing. Illinois and the Great Lakes watershed region
will probably receive a lesser impact than other parts of the country since
the one fuel reprocessing plant which was planned for operation in the

area (the Midwest Fuel Reprocessing Plant near Morris, Illinois) now has
a reasonable likelihood of not starting up, at least in the near future.
Since the watershed is upwind and a great distance from the two plants
on the east coast which will start up in the next several years, it will not
receive any of their radiological impact.

Other steps in the nuclear fuel cycle, namely, mining, milling,
uranium hexa uoride production, enrichment, and fuel fabrication,re-

lease lesser amounts of radioactivity and are, for the most part, removed
from the Great Lakes watershed. Thus, the Great Lakes region is likely
to have essentially undetectable radiological impacts from routine
operations in the balance of the nuclear fuel cycle.
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Radioactive Ef uent Control
Technology
M. J. Bell
United States Nuclear Regulatory Commission, Washington, D. C.

A major aspect of nuclear power plant operation is the

control of gaseous, liquid, and solid radioactive wastes

produced by a byproduct of nuclear power generation.
The development of facilities and equipment to handle and
process these wastes has provided the nuclear industry with the capability to maintain releases of radioactive material in plant e luents to as
low as practicable levels. It is the intent of this paper to discuss the
ef uent control technology used to control these radioactive e luents
from nuclear power plants.
During the operation of a nuclear reactor, radioactive material is produced by ssion and by neutron activation of corrosion products
in the reactor coolant systems. These radioactive materials will enter
various gaseous or liquid waste streams which are processed by the plant
radwaste systems.
Radwaste processing consists of delaying the ef uent waste
stream to allow radioactive decay and/or selectively removing the radio
active materials prior to discharge. The type and degree of processing
depends on the type of waste stream and a cost analysis balancing
treatment requirements against the costs of alternate treatment processes. There are four basic types of waste streams in all power reactors:
liquid, primary system gas, ventilation exhaust air, and solid. The type
and degree of treatment of each type of waste stream will vary depending on the physical radiological characteristics of that stream. These
characteristics will generally depend upon the type of reactor.

Boiling Water Reactor (BWR)
In a BWR, there are several waste streams of the four basic
types, each of which is processed in its own radwaste subsystem.
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(1)

Liquid Wastes

There are four basic liquid waste streams which have to be
processed: high purity, low purity, chemical, and detergent. High purity
wastes are clean (low conductivity and low solids content) water streams
of variable radioactivity content such as equipment drains. Low purity
wastes are dirty (moderate conductivity and solids content) water
streams of variable radioactivity content such as building oor drains.
Chemical wastes contain high concentrations of chemicals (high conductivity) such as condensate polisher demineralizer regenerants. Detergent
wastes consist of laundry and decontamination liquids of low radioactivity content.
Each of these four types of waste is collected in a separate
tank for processing through their respective radwaste subsystems.
High purity wastes are generally filtered, demineralized, and recycled
for use as reactor coolant makeup. Demineralization is used because of
the low conductivity and high ow rates needed to process the expected
large volumes of waste. Low purity wastes are generally ltered and
either evaporated and demineralized or just demineralized. Again some of
this waste may be recycled. Evaporation is used to decrease ion exchange
resin consumption. Chemical wastes are generally ltered and evaporated because of the high conductivity of the waste. Detergent wastes
are generally sampled and discharged without further treatment because
of their low radioactivity content. Reverse osmosis and activated carbon
adsorption systems have been proposed to process detergent wastes in
some cases.
(2) Primary System Gases
In a BWR, the steam jet air ejector maintains a partial
vacuum in the main condenser by removing air inleakage, radiolytically
decomposed gases, and gaseous ssion products that leak from fuel
having cladding defects.
The treatment system used for this highly radioactive stream
is generally a charcoal delay train which selectively holds up the noble gas
ssion products allowing radioactive decay to reduce the radioactivity
content of the stream. An alternate method of treating this stream is
cryogenic distillation which liqui es the noble gas ssion products,
thereby removing them from the waste stream.
The turbine gland sealing system e luent is a mixture of air
and steam from the shaft seals from the turbines. In older plants the
steam used to seal the turbine shafts was primary steam which contained
radioactive materials. In new plants, demineralized condensate is boiled
to generate clean (non-radioactive) steam, thereby essentially eliminat
ing a radioactive release from this source.
The mechanical vacuum pump is used to evacuate the main
condenser during startup and sometimes during shutdown. To date this

4L
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source has not been treated because the radioactive iodine releases were
thought to be negligible. Recent in-plant sampling has detected radioactive iodine in this waste stream so that future plants will most likely add a
charcoal adsorber for treatment to remove iodine.
(3)

Ventilation Air Exhausts

When liquid or steam systems containing radioactive materi-

als leak within the various buildings, a fraction of the radioactive mate-

rial may become airborne and exit the plant via the ventilation exhaust
air ow. The three major buildings found in BWRs are: reactor building,
turbine building, and radwaste building. When needed, the most commonly used treatment for these ventilation exhaust effluent streams is
particulate ltration and adsorption. High ef ciency particulate air
(HEPA) lters are placed upstream and downstream of a charcoal
adsorber. The upstream HEPA lters remove particulate radioactive
materials and the charcoal adsorbers remove radioiodines from the air.
The downstream HEPA lters are installed to collect charcoal nes that
are suspended in the gas stream.
(4) Solid Wastes
There are three general types of solid waste encountered in a
power reactor: wet (e.g., spent resins, evaporator concentrates), dry
compressible (e. g., contaminated rags, clothing, plastic), and dry non-

compressible (e.g., discarded equipment, tools). Wet wastes are mixed
with a solidi cation agent, usually cement or urea formaldehyde inside a
shipping container to remove all free water.

The containers, generally 55 gallon drums, or larger 50 to 170
ft" containers, are stored on site, to permit decay of short-lived nuclides

prior to shipping to a licensed burial ground.
Compressible dry wastes are compacted into 55 gallon drums
using a hydraulic baler. Non-compressible wastes are crated in wooden
boxes or special containers. Solid waste systems are generally similar for
all three types of reactors.
Pressurized Water Reactor (PWR)
Like the BWR, the waste streams of a PWR consist of liquid
wastes, primary o gas, ventilation air exhausts, and solid wastes, but
they differ in chemical composition and radioactivity content.
(1) Liquid Wastes
PWR liquid waste treatment methods differ from those used
for BWRs because the primary coolant contains boric acid, small amounts
of lithium hydroxide, and dissolved hydrogen. Therefore, special provisions are required for handling these chemical additives. The PWR also
has a steam generator blowdown waste stream which must be processed
to remove radioactive materials present in the secondary coolant.
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In a PWR, clean wastes are treated by evaporators because

the boron used in the primary coolant as a chemical shim makes demineralization alone impractical. Dirty Wastes, detergent wastes, and chemical wastes are treated basically the same way in PWRs as in BWRs. The
PWR chemical waste system is required to treat the condensate polisher
chemical regenerant waste during periods of steam generator tube leaks.
Steam generator blowdown wastes are generally treated using ltration
demineralization, but evaporation or reverse osmosis are also acceptable
treatment methods. PWR turbine building oor drains are normally
monitored and released without treatment because of their low radioactivity content.

(2) Primary and Secondary System Gases
In a PWR the highly radioactive primary system gases are
removed from the primary coolant system by the reactor chemical control
and puri cation auxiliary systems and transferred to the primary gas
treatment system. Radioactive gases will exhaust from the main condenser air ejector when steam generator leakage from primary to sec-

ondary system occurs.
Treatment for the primary system gases generally consists of
a pressurized holdup tank system in which the primary system gases are
compressed into a tank, stored to permit the decay of the radioactive
isotopes, and then vented to the atmosphere through a lter. As an
alternate, holdup-tanks can also be used. These are lled with charcoal
which provide suf cient decay for the radioactivity in the primary system
gases prior to release.
During periods of steam generator tube leakage, the ef uent
from the main condenser air ejector and the steam generator blowdown
ash tank vent will contain radioactive materials. Releases from the
blowdown ash tankvent are treated by condensing the vapor and
passing the noncondensable gases through a charcoal adsorber, or by
venting the ash tank to the main condenser. The main condenser air
ejector O 'gas is generally processed through HEPA lters and charcoal
adsorbers to remove radioactive iodine and particulates.
(3) Ventilation Air Exhausts
The major ventilation exhausts from a PWR are the contain
ment purge, auxiliary building exhaust and radwaste building exhaust.
Depending upon site conditions, these exhausts may be treated when
necessary using HEPA and charcoal ltration units previously described.
(4) PWR Solid Wastes
Solid waste categories (wet, dry compressible, and dry noncompressible) are similar for a PWR and a BWR. Experience to date
indicates that the volume of solid wastes produced at a PWR is about half
that for a comparable size BWR. PWR solidi cation systems generally
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use the same binders (cement and urea formaldehyde) as BWRs, but
some dif culties are encountered in the case of wastes with high boric
acid content.
High Temperature Gas Cooled Reactor (HTGR)

The sources and amounts of radioactive wastes from an
HTGR are different than those from PWRs and BWRs, but most of the

treatment technology is similar.
HTGRs have much less liquid waste, so treatment is simpli
ed by solidifying liquids with high radioactivity and processing the less
contaminated wastes by demineralization or reverse osmosis. Building
ventilation exhausts are treated using HEPA lters and charcoal adsorbers similar to BWRs and PWRs.
The HTGR primary system gas treatment system is signi cantly different than the BWRs and PWRs. Helium gas, the primary
coolant, is ltered and then passed through a high temperature charcoal
adsorber for radio iodine removal, a helium dryer to remove traces of
water vapor, and a low temperature adsorber to remove impurities and
radioactive gases. The puri ed helium is nally passed through a titanium
sponge hydrogen getter to remove any hydrogenprior to recycling the
helium back to the reactor coolant system. The low temperature adsorbers are regenerated after several months of decay by passing hot
helium through the unit to desorb the radioactive gases which have
decayed signi cantly. These regenerated gases, mainly Kr 85, are collected in pressurized holdup tanks for storage or for further processing
and recycling.
Future Needs

There are several areas where more information is needed to
permit more effective radioactive e iuent control. We need data to
identify the sources of radioactive releases so more economical control
systems may be provided at the source, eliminating the dependence on
expensive total building ventilation treatment systems. Data are also
needed for the behavior of radioactive iodine species in the environment
after release from the plant. In our source term calculations we consider
that all the iodine released from the plant is in the elemental form. As a
result, utilities are installing expensive iodine control systems when the
chemical form of the iodine in the environment may be such that it does
not enter the food chain and cause a radiation burden to human beings.

Existing radwaste treatment technology does not permit removal and ultimate disposal of long-lived tritium and krypton 85 economically. Although the quantities of these isotopes released from nu-
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clear power plants are not biologically signi cant by today s dose
standards, they could become a potential problem in the future. Methods
are being developed to collect these radioactive materials, and further
development is needed on methods to safely package, ship, and store

these materials without increased doses to plant personnel or without
endangering the health and safety of the public.
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N0AA Environmental Data and
Information Services
Louis X. Barbalas

Chief, Great Lakes Library, National Oceanic and Atmospheric
Administration, Environmental Data Service, Department of

Commerce, Detroit, Michigan

The Environmental Data Service (EDS) operates regional

centers which archive, retrieve, and disseminate Great Lakes environ-

mental data and information in the atmospheric, water, and solid earth
disciplines. Present e orts include providing three NOAA units with
library, data, and referral services, preparing an inventory of available
historical environmental data on the Lakes, archiving a complete set of
IFYGL data, and creating the Great Lakes Library. The Great Lakes
Library is the NOAA central focus in the Great Lakes area for its
responsibility to provide access to both historical and contemporary data
les for use by federal agencies, private research organizations, industry, and the general public.
ince the National Oceanic and Atmospheric Administration capabilities in environmental information were discussed in some detail at the National Environmental Information Symposium held in Cincinnati, Ohio, in May 1973, I shall present only a brief
review of our current capabilities, stressing recent and planned improvements to the NOAA Environmental Data and Information Ser-

vices.

Marine science and engineering activities in the Great Lakes
area require access to raw and processed data and provision for disposition of new data. The Environmental Data Service (EDS), a major
NOAA unit, is the federal agency responsible for acquiring, processing,
storing, and disseminating environmental data, and for providing technical information to both federal and non-federal users.

194

L. X. Barbalas

EDS meets its responsibilities to provide data and referral
services to user agencies through several of its data centers. For example, the National Oceanographic Data Center actively participated in
the International Field Year on the Great Lakes (IFYGL), assisting in
planning, data collection, and compilation of the IFYGL data catalog, and
the National Climatic Center accepted designation as the nal repository
for IFYGL data collected by both national participants (US. and Canada).
The Great Lakes Library

The Great Lakes Library, part of the EDS Environmental
Science Information Center (ESIC), is the NOAA focal point for data and
information services in the Great Lakes area. This library serves three

NOAA units collocated with it in the Detroit area: the Great Lakes
Environmental Research Laboratory and National Marine Fisheries
Laboratory at Ann Arbor, and the National Ocean Survey s Lake Survey
Center. This library, with its collection of literature on hydrology and
limnology and its archives (dating as far back as 1840) on the levels and
hydrology of the Great Lakes, will shortly be connected to other EDS
libraries and data centers by terminal units on computerized referral and
search systems.
While the primary mission of the Great Lakes Library is to
serve NOAA units, it routinely cooperates in serving the Detroit District
Of ce of the US. Army Corps of Engineers, and is prepared to provide
information, data, and referral services to the Environmental Protection
Agency, the US. Geological Survey, the Atomic Energy Commission,
and any other federal or non federal users with a need for environmental
information.
The local collection of literature and data at the Great Lakes
Library is the basic, immediate source of information to ll user re
quests. However, the library s computerized linkage to other NOAA data
and information centers will provide a much broader base of quickly
available information. The two computerized systems in use are OASIS
and ENDEX. Terminals on these systems will soon be installed at the
Great Lakes Library. A tele-facsimile link between the Great Lakes
Library sites in Ann Arbor and Detroit, to the NOAA libraries in

Washington, DC, will also be installed.

OASIS

OASIS (Oceanic and Atmospheric Scienti c Information System), a computerized information system, provides one step access to
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technical literature on the environment. A request through OASIS leads
to an automatic search through (currently) 37 literature bases. Among
these are the Chemical Abstracts, the National Library of Agriculture,
the Meteorological and Geoastrophysical Abstracts, and Oceanic Index.
All bibliographic data bases in the OASIS le are computerized. These
computerized les are continuously updated as information is added to
each of the basic les.
OASIS currently includes the following services:
(1) On-line search of approximately 50 percent of the data
bases.
(2) Searches for new information in data bases to provide

updated references to interested users.

(3) Retrospective searches. These are searches of entire
bibliographic data bases. Those working on short term projects might
use such searches as their basic literature search, while those beginning
new long term projects might use these searches as initial listings to be
updated by searches for new information in data bases.
(4) Preparation of special bibliographies from one or more
data bases. These bibliographies can be furnished in printout, photo
copywriter, or magnetic tape format for photo composition.
Requests for OASIS searches should be directed to any
NOAA o ice having computerized linkage to other NOAA data and
information centers or to:
Technical Information Division, D832
Environmental Science Information Center, EDS, NOAA

Washington, DC. 20235
(202/634 7334)
ENDEX

ENDEX (Environmental Data Index) is an automated, docu-

mented, comprehensive index of historical environmental data les. Use
of ENDEX enables scientists and managers to answer such questions as
who has a certain kind of data in a particular area, how was it collected,
what form (medium) is it in, and who sponsored the activity. This referral
capability augments the organized, archival data bases of EDS data
centers.

ENDEX is focused on environmental data representing the
more classical disciplines: physical, chemical, and biological measurements of air, land, and water; and ora and fauna samples. ENDEX also
contains information on the location, scope, and content of permanent
sample (biologiCal, geological, etc.) and photograph collections, and on
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whether or not they have been fully analyzed. The following general list
shows the types of information and level of detail included in ENDEX
data les:
Geographic distribution

Project af liations

Date
Location

Person to contact to obtain data
Publications resulting from data

Parameter

Funding agency

Measurement method
Number of observations

File size
Abstract

All states bordering on the Great Lakes (except Ohio and
Pennsylvania now being done) have beencanvassed for data elds. The
ENDEX system at present contains more than 3,000 le descriptions, of
which more than 1,000 are for the Great Lakes area. Hard copy data le
descriptions have been forwarded to the Great Lakes Environmental
Research Laboratory in Ann Arbor. A training course on ENDEX has
been held in Ann Arbor and additional seminars are planned.
Great Lakes Data Holdings at Other Libraries and at NOAA Data
Centers

Ann Arbor, Michigan
A number of research libraries are located in Ann Arbor. The
NOAA Great Lakes Library has arranged with these libraries to ensure
ready access by NOAA personnel to their resources. These libraries are
the University of Michigan library system, the Great Lakes Basin
Commission Library, and the Department of Interior US. Fish and
Wildlife Service Fisheries Library.
Columbus, Ohio

The Great Lakes Library will be linked by computer terminal
to the Ohio College Library Center (OCLC), part of a major literaturebased information network, which is, in turn, connected with many

academic institutions in the Great Lakes Region as well as with other
major academic centers around the United States.
National Climatic Center (NCC)
N CC, at Asheville, North Carolina, is the nal repository for

the IFYGL data. In addition, NCC holdings include climatological and
hydrological data pertinent to the Great Lakes Region. Some of these
data holdings span 150 years of record.
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National Oceanographic Data Center (NODC)

The NODC, as the lead EDS center on Great Lakes data, has

increased efforts to develop a coordinated data bank maintenance plan
with Canada and the US. Army Corps of Engineers. NODC has recom
mended a three step approach to this plan:

(1)

Obtain detailed descriptions of the data and how they are

exchanged, utilized, and archived.

(2) Describe the present data ow structure.
(3) Formulate alternative plans to upgrade the present sys
tem, or to change to a new system.
Achieving a coordinated data bank will meet with some dif culty for various reasons: the disparities between United States and
Canadian gage hardware; the present Corps of Engineers policy which
does not provide for routine release of derived data sets; and the
disparate methods of acquiring, recording, and ling the data. NODC,
however, is continuing its efforts to develop this plan.
National Geophysical and Solar-Terrestrial Data Center (NGSDC)

The NGSDC at Boulder, Colorado, holds geological and seis
mic data related to the Great Lakes region. References to these data are
possible through the ENDEX system as well as through normal mail and
telephone channels. Scienti c data on le date as early as1776.
Future Plans and Update

Pending a future, formal establishment of a new EDS Environmental Data and Information Center at Ann Arbor, EDS Services

will be provided by the EDS Great Lakes Library. To ensure that the
GLERL scientists and administrators are kept abreast of the latest
developments in their disciplines and related elds, the librarian has
conferred with GLERL scientists, updated and supplemented the periodical subscription list, and regularly sends to the Ann Arbor site all
incoming periodicals used by the GLERL staff. Arrangements have also
been completed with the University of Michigan library system, the
Great Lakes Basin Commission Library, and the Department of Interior
US Fish and Wildlife Service Fisheries Library, to ensure ready access
to information resources in these Ann Arbor research community 1ibraries for NOAA scienti c and technical personnel. More than one-third
of the GLERL project coordinators and bench scientists have been
interviewed to determine their present and projected information requirements. All will be contacted and the information resources within
the EDS as well as other pertinent information networks, e.g., federal,
state, and local, will be made available through ESIC contacts.
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The reproduction of the Great Lakes Library subject catalog
has been completed. The photocopies will be used in the Detroit library,
but the original set will be transferred to Ann Arbor.
The NOAA focal point for access to environmental data and
scienti c and technical information of the Great Lakes is the Great Lakes
Library with its branches in Detroit and Ann Arbor. This library will, in
consultation with all major units of NCAA, establish criteria for the
collection and development of information resources of what will eventually become the Great Lakes Regional Research Center. The goal is to
provide information from various sources to satisfy the needs of scienti c
and technical personnel working on studies of the Great Lakes. Input to
this regional center by federal, state, and local agencies, and by academic

institutions interested in or working on regional problems will help in
developing and achieving the balance desired for this information resource. Those interested or willing to participate should inquire of Louis
X. Barbalas, EDS Great Lakes Library, NOAA, 602 Federal Bldg. and
US. Courthouse, Detroit MI 48226, (313) 226 6126.
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Introduction

Atmospheric Transport and Removal
Processes Workshop
ANL Staff, Atmospheric Physics Section, Radiological and
Environmental Research Division, Argonne National Laboratory,

Argonne, Illinois

Formal papers presented during this workshop address the
principal factors that control the nature and relative
ef ciencies of atmospheric pathways followed by airborne pollutants into
the Great Lakes. Some preliminary efforts to develop quantitative assessments of these inputs through the methods of numerical modeling are
given, and in the summary of the general workshop discussions, areas of
uncertainty requiring future research are outlined.
In the

rst contribution, Gillani and Husar describe a varia-

tion on the Gaussian plume model, which can be adapted to estimate
atmospheric pollutant inputs from an urban area source to a nearby
water body. On the other hand, a paper by Lyons and Keen suggests that
on many occasions the simple plume analogy may be inadequate for
assessment of inputs to the Great Lakes, because the transport of
airborne pollutants across coastal zones can become extremely complicated by the formation of closed, lake-breeze circulation cells.
Vertical transport conditions which obtain immediately at the
air-water interface are discussed in the next three papers. Hess and
Hicks describe these processes in terms of classical micrometeorological
theories for the turbulent transfer of heat and moisture near a lower
boundary and apply these more or less established procedures to the
problem of estimating dry deposition rates for ne particulates. Liss
discusses the special case presented by gaseous transfer across the
interface, where the role played by solubility in the liquid phase adds a
new dimension to the problem. Volchok reviews related results obtained

Introduction, ATRP Workshop

201

during the US. Atomic Energy Commission s long-standing program
which has recorded and analyzed atmospheric fallout measurements at
the surface on a global basis. In a second note, the same author describes
the special problems involved in the design of instrumentation for measuring both wet and dry deposition.
Two papers present estimates of the air-borne pollutant

loading of the southern basin of Lake Michigan. Sievering and Williams
use average values of observed meteorological parameters to obtain
deliberately conservative estimates of deposition to the surface of Lake
Michigan. Their results indicate that at least 25 percent of the mass of
air borne particulates emitted from the Chicago metropolitan area is
transferred to the lake by dry deposition. Further, they estimate that

this amount is about equal to or slightly greater than the air-borne
pollutant input due to precipitation scavenging. Noting that deposition
velocities are a minimum for particle sizes between 0.1 and 1.0 pm,
Sievering and Williams point out that trace metals borne by particles in
this size range are primarily introduced to the lakes by precipitation.
Gatz re nes these considerations by considering wet and dry deposition
rates in terms of both the elemental composition and particle size of the
pollutants involved. He nds that for a number of elements commonly
observed in urban atmospheres, the fractional input to the southern basin
of Lake Michigan relative to the total emissions from Chicago and
northwest Indiana range from only about 3 percent for small particles
such as those that carry lead, up to about 15 percent for considerably
larger particles such as those that carry aluminim. Gatz points out that
since the combustion of coal by modern, high-temperature equipment
gives rise to a relatively high proportion of small particulates in stack
emissions to the atmosphere, the potential impact upon the Great Lakes
of increased coal conversion will be smaller in proportion to the total
increase in air borne pollutants released. A third paper on atmospheric
loading assessment presented by Elder summarizes the program of the
International Joint Commission for the upper Great Lakes.
Finally, lest the problem of thermal discharges and the posd inadvertent meteorological effects be entirely lost in
associate
of
sibility
ic inputs, Carson shows that once-through
atmospher
of
the discussion
the shores of the Great Lakes poses little
along
plants
cooling by power
Every other procedure used for the
regard.
this
or no problem in
ultimate atmospheric sink imposes
the
to
dissipation of waste heat
local environment, mainly in the
the
impacts of greater severity upon
form of low-lying plumes and increased fogging and icing at the surface.
This results from the fact that all other methods involve more concentrated heat and moisture inputs to the atmosphere.
The papers presented during the atmospheric transport
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workshop are reproduced in the following pages. Discussions followi
ng
each presentation often center around the dif culty of constru
cting
models to describe the physical transport processes in realistic fashion.
On many occasions, it was pointed out that the characteristics of several
of the basic processes involved are essentially unknown. With the present lack of adequate observations of medium and larger scale mixing
and
transport processes in the planetary boundary layer, it was generally
conceded that there is little point in pursuing other than relatively
simple
models at this time.
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Mathematical Modeling of Air
Pollution A Parametric Study
Noorallah V. Gillani, Research Associate
Rudolf B. Husar, Associate Professor
Air Pollution Research Laboratory, Department of Mechanical
Engineering, Washington University, St. Louis, Missouri
A primary function of air pollution modeling is to identify

and quantitatively characterize pollutant emission at its
source and its subsequent transmission through the atmosphere subject

to meteorological transport, physical and chemical transformation, and a

variety of removal processes. A useful and rather successful approach in
the mathematical modeling of pollutant dispersion-transformationremoval processes is that based on an approximation of turbulent dispersion in terms of an effective eddy diffusion process. The well known
Gaussian plume model is an example of a simple eddy diffusion model in
which transformation and removal are neglected. In the present work,
three steady-state diffusion models are developed with emphasis placed
on the effect of transformation and removal processes. In all three
models, pollutant dispersion is con ned within a nite mixing layer such
as is known to exist during the daytime over much of the US, including
the Great Lakes region. Also included in all the models is the effect of
pollutant absorption (or desorption) by the surface at ground level. The
ground surface may be soil, vegetation, or water. The individual models
differ with respect to pollutant or source characteristics, or in terms of

the speci c sink mechanisms included in each.
General Development of Present Model

For the transport of a given pollutant of speci ed physical and
chemical nature over a homogeneous at surface under steady meteorological conditions, the principle of continuity of species may be stated
mathematically in the following form of the diffusion equation:

204

N. V. Gillam' & R. B. Husar

BE

ea x

vagea

+64

6y(K 8z

a;

+8z

K03

z'iz

+R

1

)

d; 5(x, y, z) is the
In Equation 1, a horizontal mean wind speed a is assume
x, y, z are the
eld;
ution
three dimensional mean concentration distrib
; K K,, K,
tively
respec
downwind, crosswind, and vertical coordinates,

velocity of
are the corresponding eddy diffusivities; w. is the terminal
nt sources
polluta
s
gravitational settling of the pollutant; and R denote
chemical
by
and sinks in the atmosphere, such as those represented
present
the
In
transformation and precipitation scavenging, for example.
x = 0
at
plane
al
work, only single area source emissions from the vertic
are considered.
The applicability of steady eddy diffusion models is generally
re of
limited within certain time and length scales based on the structu
cycle of atmoatmospheric turbulence, wind conditions, and the diurnal
approxiapplied
be
may
models
such
spheric stability. For best results,

wind
mately in the range of 1 100 km from the source under fairly steady
n
inatio
determ
al
empiric
the
conditions and near-neutral stability. Also,
enough
large
times
ng
of wind and diffusivities must be based on averagi
to include the effect of much of the turbulent uctuations.
Proper modeling of the spatial variations of a and K is
important. Under most wind conditions, downwind diffusion is small

compared to advection and is, therefore, neglected. Generally, a, K,,, and

K,, exhibit a strong dependence on height within theatmospheric surface
layer which extends typically to a few tens of meters. This layer is often
also referred to as the constant ux layer because the vertical variation of
uxes can generally be neglected in it.2 Less is known about the behavior
of the meteorological variables above the surface layer. The wind speed
normally continues to increase, though much more gradually, and it
attains geostrophic value at several hundred meters above ground. It has
be conbeen suggested that, at least for near-neutral strati cation,

sidered approximately constant above the surface layer. In the present
work, E, K,, and K, are assumed constant with respect to height above
the surface layer.
As a plume emanating from a small source grows in size,
progressively larger eddies effect its subsequent spread. Based on the
work of Sutton, this observation may be formalized as follows:
K, = KH

(x/x,.)*

and

= K,

(x/x,.)*

(2)

where xr is a reference distance, and K , K,-,'y are constants depending on

atmospheric stability. The well-known work of Taylor; has shown that y
z 1 for small x and 0 for large x. Also, for emission from large sources
such as urban complexes, 'y may be taken as 0. Actually, the value of y is
not the same in the above expressions of K, and K,, but the difference is
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apparently smaller than the uncertainty of the available data for each
case. For neutral stability, Islitzer and Slade have reported a value of .42
for y compared to 0.75 reported by Sutton." A similar wide range of
values has been reported for over-water dispersion.T Within a con ned
mixing layer, plume spread is greater horizontally than vertically, and K
is greater than Ky. Over water, the atmosphere is generally more stable
during the daytime than is the case over land, both because the surface is
smoother and because the water mass warms less rapidly. The assump
tions of surface homogeneity and steady meteorology made in the present model have greater validity for the marine atmosphere than over
land. This permits application of the model over longer temporal and
spatial ranges for over water dispersion.
The speci c form assumed by the generation-or-loss term R in
Equation 1 depends on the speci c transformation or scavenging proc

esses assumed to be active in the atmosphere. Many such processes of
practical interest may be considered as rst order rate processes which
may be expressed in the following form:
R:

(x5

(3)

where (x denotes the rate constant of the process, and the negative sign
denotes loss of the pollutant in its original form from the atmosphere.
First order chemical reactions and the washout of particulate as well as
gaseous pollutants can be treated in the diffusion model when expressed
as Equation 3. Such losses will be considered in greater detail in the
speci c models to be presented in this paper.
Boundary Conditions
In its present form, the general model is applicable for a
single vertical area source extending between height levels 21 and 22, and
of half-width b symmetric about y = 0. For the case of uniform distribution of the source emission, Q (kg/sec), over such a source area, we
have
21)], for |y| sb and z. s z s zz,
E (0,y,z) = Qo/[ 2b(z2
otherwise

(4)

6 (0,y,Z) = 0-

In the y direction,
E ->

0 as y

> i so

(5)

Vertically, the presence of a stable lid at the top of the
(H) effectively inhibits pollutant escape through it; therelayer
mixing
fore

E=0atz=H

(6)
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The surface removal boundary condition may be expressed as

follows (see Figure 1):
KZ

6c

aZ

+wsc=vd(E c*) atzzzm-szS

(7)

where each side of the equation represents the downward vertical mass
ux (F,) crossing the reference level zM- in the surface layer whose height
is z.. This boundary condition was introduced by Monin for the case of
c*=0, and was subsequently discussed in that form by Calder. Three
quantities in Equation 7 are of particular interest, viz. , vi, c* and z....,-; v, is

the so called deposition velocity,

rst introduced by Chamberlain and

later interpreted by him in terms of a resistance analogy.

The down-

ward vertical mass ux (F) of the pollutant across the plane at 2,...1 is
governed both by the driving force, (5
c*), and by the overall mass
conductance, v4 (= l/total resistance, n), of the transfer media below zm.

This surface layer mass conductance includes the effects of diffusion and
gravitational settling in delivering the pollutant to the surface, as well as
the roles of the physical mechanisms for interaction with the ground
surface, viz., kinetic impaction (particulates) and absorption (gases).
0* is the concentration of the pollutant in the air phase when
equilibrium exists between the air phase and the absorbing phase. It is
related to the bulk concentration of the pollutant in the absorbing phase.
For this reason, its value and that of v.. depend on such factors as the
solubility of the gaseous pollutant in water, chemical reactivity of the gas

in solution, the pH of the absorbent, electrostatic effects, etc.12 The

inclusion of C* in the boundary condition permits the treatment of
absorption and desorption. The latter phenomenon can be signi cant for
species that undergo slow chemical reactions in solution. The chemical
reactivity of 802 in water (hydration followed by ionization) is very rapid
provided the liquid is not too acidic, in which case c* is negligible and the
absorption is irreversible. 3 On the other hand, desorption of CO and CH4
at the air water interface of large bodies of water is known to be
signi cant. 1"

As long as the assumption of constant uxes in the surface
layer is valid, the particular choice of Zn; in Equation 7 is arbitrary. Thus,
inasmuch as the surface uptake rate (R) is the quantity of interest, its
evaluation and the application of the surface boundary condition may be
made at 2..., = 2,. Previous solutions of the dispersion problem including
surface removal have generally used zref = 0,15 and experimental
determination of v, has been made at heights varying between 20 cm
and 2 m
above ground.16 In the present analysis, the choice of Zn, =
z, is made.

Consequently, the domain of application of Equation 1 is restricted
to the
region x>0, zs<z<H (see Figure 1). Two signi cant advantages
are
gained in so doing: the assumptions of 1 1 and K2 independent of height
are
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Figure 1. Schematic Representation of the Vertical Plane
(x-z)
Through the Axis of the Plume. The source is a vertical area
source
of half-width b in the y-direction.
much morerealistic when made only for the region above the
surface
layer; and the considerable uncertainty associated with the value of
at
or very near 2 = O is avoided. The completed formulation of the general
model thus consists of Equations 1 through 7 with 2M = z,..
N on dimensional Formulation

Identi cation of the appropriate system parameters is made
possible by non dimensionalization of the model. The natural length scale
in this case is the height of the bulk mixing layer, H = H
z_\. The
following dimensionless concentrations and lengths are defined:

= _ _c

X* = _ _c*

o/UHBm4

(8)

QO/UHBm l

and

x = _ h dHB
(Y + 1) [ROG]

Y = y/HB
z
z
Z = _ HB 5

b

B = HE

(9 )

where m = number of space dimensions in the model (two or three),

and P9 (X) E

uHB

x)

(the Peclet number of turbulent mass transport)
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The following additional dimensionless numbers are de ned:
Sh

=
A

vdHB
K,

the Sherwood number of turbulent
surface layer vertical mass transfer;

Ws

=

WSHB

.
.
the d1mens1onless settling veloc1ty, and

01*

E

(y +

\.

1) PIE

I

r

.

I {

a dimensionless loss term-rate constant.

(a)

ed and
The signi cant dimensionless system parameters may be identi
classi ed as follows:
source related Z1 (source elevation)

pollutant related W5, a*

meteorological P, , (Ky/Kn)

surface related Sh, x*

discussed
Of the above, the two that are relevant in all three models to be

nd
are Fe and Sh. The Peclet number may be interpreted as a net downwi
ion
ventilat
on
advecti
an
nting
represe
transport parameter, with uHB
coef cient of the bulk mixing layer, and UK, being an eddy resistivity to
downwind transport. A higher value of Fe generally results in longer
pollutant residence in the atmosphere. Use of the Peclet number provides a convenient reduction of the downwind distance coordinate with
respect to the prevalent meteorological conditions. The Sherwood
number is the principal parameter governing surface removal. It appears
to be the most meaningful measure of the strength of the surface sink.
In terms of the dimensionless quantities, the model may be
restated, neglecting the x-diffusion term:
6X

aX
X

(0, Y, Z)

X

0

Bl

BZ

=

as
.

0

Z =

1

__

6X

KH

_

62X

62X

?
W5 52 _ K; 3Y2 + CTZ
lYl

Z1),

V2B(Z2

.

0

Y _) t 00
d
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s B,

X > 0

lYl < 0c

a*X,

O < Z <

Z1 g Z $ Z2,

(10)
1

otherwise

6X

62

_

Z =

O

_ (

Sh

__

W

5)) x 0 _

Sh (X * )

A restriction implicit in the above statement of the model is that
whenever W, wk 0 is considered, the exponent 'y of Equation 2 and x*
must be taken as zero.
The solution of the above model, obtained by a combination of
separation of variables and integral transform methods, yields the
three dimensional concentration distribution, x (X, Y, Z). In addition,
the solution may also be used to obtain another quantity which we judge
to be of particular importance both for practical application of the model

A.
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and as a sensitivity parameter in testing the roles played by the various
system parameters. This quantity is Q (X)/Q,,, the fraction of the source
emission remaining airborne at any given distance (X) downwind of the
source. The solutions for x and Q/Q,, are given by
-a X

X = [n(X,Y)]e

82X) = (2

A

2

[5*(Ws,Sh) + 2 An(e * [Anx + ( Is/2%] ) gum) ]

(11)

n(X,Y)dY) . e a"x -

[6(Ws,Sh)+ 2AM;
:k

l

T TUTS ] (12)
COS Bn

W

In the above expressions,
_

1

Y+B

Y

B

2O,

0' = \/(KH/KV)X

1

(if Sh = ws)

*

___X_
8* (Ws,Sh) = { 1
(Ws/Sh)
[3,,

= tan"

(if Sh > W5)

and A: =

Ag +

(Ws/2)2

where An are eigen values given by the roots of

An tan (An + 3n) = Sh

(Ws/2)

{n (Z) are the corresponding eigen functions given by

_ cosptn (1

2;" (Z) _ '

Z) + Bi]

cos()\n + ,8 )

The coefficients An are obtained from
An __
_ Z_ 1 Z1

Am = e

Am

(Ws/2)Zx sin [An (1

An2]

where

21) + 21%.]

a e - (Ws/2)Z2 sinnn (1

An = 8*(Ws,Sh).[sin(An + 2o )
e
(Ws/Z) sin 2/3n1-(z2
Inn

= ___A2__ .

2 cos()\n + ,8 )

[_1_

Z2) + 2/3"]

z), and
_

(1 _ e Ws) '+ sin(2>\n2+ ,Bn)
n

e

W8 sin n]
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Applications and Results of the Model

The general solution presented in the last section may be
adapted for application to a number of plume transport situations. Three
such practical applications will be considered in order to illustrate the
versatility of the general model.
Two-dimensional Urban Plume Model

Detailed three dimensional aircraft mappings of the urban
pollutant plume of St. Louis were carried out in the summers of 1973 and
1974, as part of the RAPS project for EPA. On September 6, 1973, a
clear day, vertical cross-sections of the plume normal to the wind, and at
35 and 50 km from downtown, were traversed at several altitudes while a
steady northeasterly wind of about 3 m/sec transported the plume over
the bushy Missouri vegetation. The plume width remained nearly the
same (approximately 25 km) in the y direction, and a substantial loss of
SO! was observed to occur during plume transport. 7 In the absence of
rain, dry deposition is believed to be prominent in the short range
transport of SOL), particularly when emitted from a large source close to
the ground. Also, gravitational settling is negligible for gases and
particulates of diameter less than about 10 um. Thus, a two dimensional

version of the general model developed in the previous section may be
applied to SO2 transmission within the urban plume, with

x = x (X,Z), x(0,Z) = 1/(22
"0013) =
'y=0,

1 = f n(X,Y),
WS=0=a* ,

Z), x* = 0,
(KH/KV)§_§=

0,

andZ1=0,

The primary parameters for this model are P8 = ( /HB/Kv) and

Sh = (vdHB/Kv), both of which are constant under given environmental
conditions. The critical role of Sh in governing the rate of surface
removal is shown in Figure 2 for Z2 = .05. It is seen that surface uptake
increases for increasing Sh, and is most pronounced close to the source.
The role of Pe is also implicit in Figure 2 through its inclusion in the

de nition of X, which is the abscissa. For a given source, Figure 2 is thus

a universal plot for Q/Qo.
The two-dimensional model may also be used to study the dual
role of turbulent mixing in relation to surface removal. Vertical mixing
carries pollution originating near the ground upwards, thus reducing the
amount of pollutant available for surface uptake. 0n the other hand, it
carries higher level accumulations downwards, thus enhancing surface
removal. This duality is evidenced in Figure 3, which compares results of
the present nite-diffusion model to those of a box model corresponding
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Pe

Figure 2. The Role of Sh in Plume Depletion. Increasing Sh causes
more rapid depletion. The effect of Fe is included in the reduced
distance co-ordinate, X. (0, A = experimental points for 35 km and 50
km, respectively.)
to in nite rate of mixing. The abscissa in Figure 3 is a new reduced
distance, Xb = (x/HB) (Vd/ ), which governs the exponential depletion
rate for the box model plume. Corresponding to any nite value of Kv
(i.e., Sh aé 0), there exists a critical value of Xb. To the left of it a
decrease in K, (increase in Sh) enhances surface removal; and to the right
of it, a similar deviation from the box modeltends to retard the removal.
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The Dual Role of Vertical Mixing with Respect to Surface

n
Removal. Comparison of box model (K, + so) with finite diffusio

model (Sh :E 0) shows that a decrease in Kz (increase in Sh)

enhances removal near the surface source and retards it far from the

source. (0,
thy)

= experimental points for 35 km and 50 km, respec-
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The experimental points shown in Figures 2 and 3 correspond
to the results of Q/Q, computed from data gathered from the aircraft
measurements of SO! in the St. Louis urban plume of September 6, 1973.
Details concerning the analysis of the data have been discussed pre
viously?" Table 1 shows a summary of the pertinent measured meteoro-

logical data, as well as the results of tting the experimental SO:
depletion data to model computations. The principal inference that can be
drawn from the comparison of experiment to model results is that during
nearly optimum conditions for SOL, dry surface removal (peak vegetation
growth period, bright sunlight, good mixing, etc.), values of v. range
between about 4 and 7 cm/sec between mid-morning and mid-afternoon
on a summer day. This value of v. is an average value for the entire
region over which the plume has passed. Preliminary results from the
1974 aircraft data appear to con rm the earlier ndings, and so do
measurements of SO; ow rates in large plumes (also in the St. Louis
area) made using correlation spectroscopy during summer 1974.21 Pre-

vious measurements of Va for 80;; over less dense vegetation in England
has yielded values ranging between about .5 and 5 cm/sec; for over-water
studies, v.. is believed to be about 1 cm/sec.22

Table 1. Summary of Relevant Data for St. Louis Urban Plume (6
September 1973)
Quantity

Units

Morning Flight
(35 km)

Afternoon Flight
(50 km)

E

m/sec

3.1

3.1

HB

m

900

1 200

°C/100m

.08

1.0

AT .
A2
Kz

m /sec

(2/0.,
P.

-

x/Ha
X

17

25

0.44

0.30

167

1 49

39
0.23

42
0.28

The following values are obtained by fitting the above data into the numerical model:
Sh

2.1

3.3

Va

cm/sec

3.9

6.9

Xb

-

0.49

0.93

214

N. V. Gillani & R. B. Husar

Three-Dimensional Model with Transformation and Wet and Dry Removal

We shall now consider the depletion of SO3 from a plume
originating from a small nite source; the loss being due to rst order
chemical transformation of SO3 to aerosol, to washout of the gas by rain
drops, and to surface removal.
Chemical transformation of SO2 to sulfates may occur through
photochemical or catalyzed reactions. In ambient air, the reaction rate
factor, (1,, may be assumed to be constant as a rst approximation. It is

believed that the rate factor may be high enough to cause conversion at a
rate of one percent per hour. In the present model, the effect of a
constant rate (ort percent per hour) is included.
Scavenging of pollutants by washout is a complex phenome
non, and its effect may only be estimated. It depends on such factors as
rain intensity, size of rain droplets, and the pH of rain water. -" For 803,
this mode of removal is apparently of rst order, with rate constant 01,,
(percent per hour). In heavy rain, the value of orw may be as high as 36
percent per hour. - "
In the example to follow, SO2 transport is considered to be
over a large body of water and through a steady and neutrally stable
atmosphere. A moderate amount of continuous rainfall is assumed. The
following input conditions are assumed:
ii = 4 m/sec
H = 1000 m
K\' = 5 mz/sec
(KH/KV) = 10
'y = 0.5

x. = 9.26 km [based on

(xr) '- .95

(x. + H.;)]

W. = 0
c* = 0

or. = 5% per hour
or = 15% per hour
v. = 1 cm/sec

Thus, Pe(x,) = 800 and Sh = 2.0. Two separate sources are considered,

both being 2 m square in size, but one is a low-level source (Z, = 0), and
the other is an elevated source whose effective stack height is 600 m (Z. =
.6). The results are illustrated in Figures 4 and 5. Each gure shows a
plot of Q/Q, as a function of downwind distance over a range of 100 km, a
plot of the concentration isopleths, and a plot of the vertical pro les of
the concentration at different downwind distances.
The following observations based on the above numerical
results may be made: surface removal is much greater for surface plume;

__ __ __ #4
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The Relative Importance of Surface Removal, Chemical

Transformation, and Washout of $02 for Over-Water Dispersion of a

Plume of Ground-Level Origin. Surface removal is the predominant
factor for plume depletion in 100 km.
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there is more aerosol formation in the elevated plume; and the role of
washout is more prominent for the elevated plume.

The effect of changing back pressure on surface absorption, as
given by changing values of x*, is illustrated in Figure 6. The other

quantities a. and or are taken as 0, and ZI is taken as 0.2. Increasing x*
results in a lower rate of surface removal, as may be expected. A large
enough value of x* may result in desorption at the surface.

Three-Dimensional Model for Particle Settling and Washout
The general model may also be adapted for application to the
dispersion of monodisperse aerosols, i.e., particles, of a given size,
density, and settling velocity in the presence of any additional removal by
the surface and by washout. The signi cant parameters in this case are
P,, W5, Sh, and aw*. It may be pointed out that v,l is considered to include

the deposition due to settling as well as other effects of surface removal.

Hence, Sh 2 We. The model may be applied with Kl = K\' , K, = KH , and

x* = O. Considerable data concerning particle deposition velocities for
particles in the diameter range of 10 3 to 102 um have beenpresented by
Sehmel and colleagues.27 In the development of the present model, no
speci c consideration is given to the so-called crossing-trajectories
effect , which refers to the fact that large particles may fall out from one
1.0
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Figure 6. The Effect of x at Ground Level on Plume Depletion by
Surface Removal. For large enough x*, pollutant desorption takes
place at the surface.
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eddy to another, and may consequently not have the same eddy diffusivities as gases}x If the effective values of K\' and K are available, these
may be used in the model.
Particulate scavenging by rain follows their capture by inertial impact on rain drops. This loss is the result of an essentially
irreversible, rst order process. The rate constant, or , is governed by the
e iciency with which particles coming into contact with rain drops are
captured. The ef ciency factor depends on the relative momentum of
particle impact on the rain drops, as well as on the number and size of the
rain drops.29 The scavenging is most ef cient for large particles.
Summary

A model of atmospheric pollutant dispersion in the presence
of various removal processes and chemical transformations is developed
based on the eddy diffusion equation as a boundary value problem. The
model is judged applicable under approximately steady conditions of
wind and near-neutral atmospheric stability for plume transport over
land and water up to approximately 100 km from the source. The
emission is considered to be uniformly distributed over a nite vertical
area, and plume transport is assumed to remain con ned vertically within
a nite mixing layer.
The speci c modes of pollutant removal treated in the model
are a partial ground level surface removal of the pollutant delivered
thereto by vertical mixing and gravitational settling, and scavenging of
gaseous as well as particulate pollutants by washout in the rain. Precipitation scavenging and chemical transformation are assumed to be rst
order rate processes.
System parameters characterizing source emission and its
subsequent transmission with depletion are identi ed. Their role with
respect to the fate of the air-borne pollutant is studied by focusing on the
quantity Q/Q , which is the fraction of the emission remaining air-borne
at any downwind distance from the source. The relative importance of
the various mechanisms affecting the fate of the pollutant are analyzed in
three individual models.
Experimental results of Q/Q., in the transport of the St. Louis
urban plume made available from aircraft data obtained under RAPS are
compared with model results. From such a comparison, a value for a
quantity of practical interest, the average deposition velocity of $02 in
the St. Louis region, is inferred. Such interaction between theory and
experiment is crucial in the further development of air pollution models
for application in the atmospheres over land and water.30
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Particulate Transport in a Great
Lakes Coastal Environment
Walter A. Lyons and Cecil S. Keen
KSTP Weather Services, Minneapolis, Minnesota
University of Capetown, South Africa
The dry deposition of particulate matter once having left its
source is a function of two important atmospheric
parameters: diffusion of the individual particles due to random air
motions about the plume centerline; and the mean transport of the entire
plume mass by the prevailing winds. Over and around the Great Lakes
both of these processes can be radically different from those experienced
some tens of kilometers inland away from lake in uences. During the
winter months when the characteristic air mass temperature is much
lower than the underlying water, extreme thermal instabilities often
result. Intense convective mixing, sometimes to the point where small
whirling steam devilsl form, causes rapid dilution of any ef uent released
at the shoreline. With the exception of intense lake snow squall regimes
and occasional land breeze circulation cells, mean wind directions are not
radically altered as air masses ow over the Great Lakes in winter
(though wind speeds are frequently higher over water).
By contrast, during the warm season when advecting air
masses are often as much as 30°C warmer than the lake water surface
temperatures,2 the frequent development of mesoscale circulation patterns (lake breezes) results in highly variable characteristics of diffusion
and transport on both spatial and temporal scales.3
Simple Flow Across a Cold Lake

Observations made by NASA s Landsat 1 (formerly ERTS 1)
satellite on October 1, 1972 graphically illustrate lake-induced variations
in over water diffusion characteristics.4 This satellite, orbiting at 915 km,
produces high-resolution (100 200 m) multispectral images 185 km on a

.

L
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Figure 1. Landsat-1 Image of Southern Lake Michigan, 1003 CST, 1
October 1972, M88 band 5 (0.5-0.6 um) Showing Smoke Plumes from
Industries Along Shoreline Advecting Northeastwards over a Cold
Lake for over 100 km.

side. Figure 1 shows a portion of one such image over the southern basin
of Lake Michigan in the 0.5 0.6 micrometer spectral band. Clearly visible
are massive plumes of smoke emanating from major industrial sources
(steel, cement, coal-burning power plants). On this day, a rather brisk
southwesterly wind was advecting mild air over a relatively cold lake. It
has been shown5 that under such circumstances, shallow (200 m) but

intense low level conduction inversions form over the water. These
inversions totally eliminate the vertical penetrative convection normally
found over land surfaces on a sunny day, which contributes a major
fraction of the turbulent energy resulting in ef uent diffusion. Further
more, roughness lengths over the smooth lake are so small as to cause
negligible mechanical turbulence6 at least for plumes at several hundred

meters altitude. Thus, while the plume matter in this example is being
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transported with the wind direction and speed characteristic of those
measured over land, the diffusive ability of the air is markedly reduced.
Figure 2 is a computer analyzed portion of a segment of this satellite
image showing the smoke plumes from two of the sources. The smoke has
been isolated from the underlying land or water surfaces by computer
pattern recognition techniques (cluster analysis) performed on the fourchannel multispectral data.7 The rst impression gained by a meteorologist studying this image is that there is a surprisingly small lateral spread
to these plumes as they drift northeastward. Experience would suggest
that on a sunny day with moderate winds8 rather intense turbulence
would be present within the thermal boundary layer (in which the plumes
were emitted), causing rapid diffusion. Indeed, a rough estimate9 made
by measuring the widths of the visible plumes as a function of distance
from the source suggests that while the plumes were initially spreading at
a Pasquill Gi ford Class A rate (extremely unstable), after about 30 40
km of overwater fetch they were showing Class F or even G characteristics (extremely stable). This suggests that while the plume originally
undergoes rapid mixing due to its own internal turbulence (active diffusion) as well as the strong turbulence of the air present as it crosses the
shoreline (passive diffusion), both processes decay rapidly with overwater fetch, the ow becoming almost laminar some tens of kilometers
upwind. Most operational air-quality models are not able to account for
changes in stability classes with distance for a given ef uent plume.
Other Landsat 1 observations of these plumes under similar conditions
have shown them travelling across the entire width of the lake with
negligible lateral spread. Upon hitting the opposite shore during daylight
hours (during periods of strong insolation), they almost certainly fumigate 1° to the surface causing unexpectedly high pollutant concentrations
perhaps 5 to 10 km after crossing the shoreline.
Aircraft turbulence measurements made over Lake Michigan
in summer during periods of offshore ow on warm sunny days show a
rapid decay of the convective scales of turbulence after some 10 20 km.
The frequent total absence of cumuliform convection over the lakes on
summer days (While it is boiling away over surrounding land) provides a
striking visual example of the sharp differences in the microscale behavior of the atmosphere between lake and surrounding land.
The Lake Breeze

The lake (or sea) breeze has been noted by scientists from the
time of the Greeks. Its relatively simple structure has made it the object
of numerous mesoscale observational and modeling programs. Figure 3 is
a summary of the various characteristics of Great Lakes sea breezes
compiled from various literature sources. However, one additional aspect

_J.
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Figure 2. Computer-Generated Map of a Small Portion of the
Plumes Shown in Figure 1. Pattern recognition techniques (cluster
analysis) were applied to all four MSS channels. Blank areas denote
land, dashes water, and * are smoke.
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Summary of the Characteristics of Lake (Sea) Breeze

Fronts Are Reported by Many Researchers. The stipple represents a

very simple depiction of some of the observations of smoke within a
lake breeze circulation.

was included that was largely unreported until the mid-1960s: the de nite patterns of smoke associated with the lake breeze. 1
A case study of the wind and pollution patterns observed in
Chicago during the lake breeze of 4 August 1966 illustrates many of the
relevant points. Figure 4 shows a surface mesoanalysis at 1000 CST in
which the lake breeze front has penetrated several kilometers inland.
Balloon-measured wind pro les taken at the lakeshore revealed the cool
stable in ow layer to be only about 300m in depth with a clear-cut return
ow above it. What was most striking about this case was that the
shallow layer of dense smoke that had lingered near the ground, trapped
Within the remnants of the past night s nocturnal radiation inversion, was
physically forced upwards by
the advancing front. It clearly traced the
return ow air layer as it spread lakewards aloft. A time-height cross
section of the pibal winds and visual observations of the smoke patterns
taken at the Chicago lakeshore that day is shown in Figure 5. It is
apparent that the lake breeze circulation cell exerts profound in uence
upon the mesoscale transport of particulates. By coincidence, on this

Particulate Transport in Coastal Environment

227

LAKE
MICHIGAN

72
6v
62

RETURN FLOW

/A* sr
V

7777/:

IN LOW

" J

Vim lOI7 ESTiPVIVBAL W"

Q
75
5; ©st Lu

Figure 4.

Mesoanalysis of Conditions in Chicago Area During Lake

Breeze, 1000 CST, 4 August 1966. One wind barb equals 2.5 m/sec,
surface streamlines drawn, lake breeze front is heavy barbed line,

stipple denotes smoke drifting eastwards in return flow layer aloft.
same day, suspended particulate mass loading observations were compiled using a vertically pointing lidar system stationed on the shoreline
some 30 km to the north (Figure 6). Distinct layerings of aerosols were
noted. These layers corresponded to the visually observed pattern of
dense smoke trapped within the conduction inversion at the base of the
lake (breeze in ow and to that drifting lakewards in the return ow. A
notable clear zone between these layers was also observed visually and
by the lidar system.
From this rst case study it was concluded that particulates
become trapped within the in ow layer, are convected upwards at the
convergence zone marking the lake breeze front, and then are trans
ported aloft above the lake in the overlying return ow.
A More Detailed Examination

A much more detailed observational program studied the
meteorological and aerosol patterns in the Chicago lake breeze during
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12 13 August 1967 .12 A network of four pibal sites was established on a
line from the shoreline to 32 km inland. Hourly observations were taken.
An instrumented Queen Air from the National Center for Atmospheric
Research ew a day long series of traverses at various altitudes on a
ight path normal to the shoreline. Several tetroons ( constant level
balloons) were released and tracked by double theodolite.
The wind data obtained by the pibal sites were plotted,
smoothed, and transformed into coordinates of velocity normal (11) and
parallel (V) to the shoreline. Assuming that there was no variation of the
wind parallel to the shoreline (Ev/11y = 0), the one dimensional divergence

.82. = -5W
8x

82

was used to compute the vertical motion (w). Streamline patterns at
three times (from u and w wind components) are shown in Figure 7.
Intense vertical motions (in excess of 120 cm/sec) are found in a narrow
(1 2 km wide) band at the front. More importantly, one can easily
visualize a complete circulation pattern in which smoke particles might
be released near the shoreline, drift inland within the in ow, rise at the
front, advect aloft in the return

,

ow layer, and then descend over the

__4L

Particulate Transport in Coastal Environment

22.9

AAUGUST 1966 j
SHORE LINE ,EVANSTON _ ILL.
)0

l

Moo ug/m3

RETURN FLOW
00

\

WIND SHIFT

\

00

08

09

IO

II

i2

i3

IA

l5

'6

IIME CSY

Figure 6. Time-Height Cross Section of Total Suspended Particulates (ugm/ma) Calculated from Vertically Pointing Lidar Measurements Made on Lake Michigan Shoreline, 0900-1700 CDT, 4

August 1966, About 30 km North of Theodolite Site. Data courtesy of
Dr. Earl Barrett.

lake once again into the in ow. The obvious result of such a pattern would
be the continual concentration of both particulate and gaseous pollutants
within the lake breeze cell in the absence of strong removal or deposition
processes. Indeed some of the highest values of pollution in the Chicage-Milwaukee corridor occur during the lake breeze episodes. The
exact path of a parcel of air (and its burden of particulates and gases) can
only be determined by a time integration of the instantaneous streamline
patterns of Figure 7, a formidable task due to the highly non-steady state
characteristic of the lake breeze. A good approximation to this, however,
can be obtained by the use of super-pressured constant level balloons
(tetroons) in ated so that they oat very much like giant molecules in the
air stream. These can be tracked optically by double theodolites. A
complete Lagrangian trajectory of a tetroon released from near the
shoreline at 0900 CST within the in ow of the 12 August lake breeze is
shown in Figure 8. Indeed it shows that a parcel of air (and particulates)
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may undergo a complete recirculation within the lake breeze cell. It
seems likely that more than one circuit could be completed in the course
of a day. While Figure 8 describes the approximate trajectory in the XZ
plane, it must be pointed out that the recirculation is very much a
three-dimensional phenomenon. Figure 9 shows the observed plan (XY)
trajectory of the tetroon, which reveals a distinct drift along the
shoreline. Thus, the actual trajectory must be described as a broad,
rather at helical spiral.
However, it remained for the aircraft aerosol observations to
Show the true complexity of the problem. The plane was equipped with a
two-channel Royco optical particle counting system (0.5 3.0 micrometer
and 7.0 9.0 micrometer size ranges). The smaller particulates have
essentially nil terminal velocity and can be assumed to be transported
more or less as the air parcels. The larger aerosols have terminal
velocities on the order of 1 2 cm/sec, and thus should possess substantially larger deposition velocities. In Figure 10, pro les of the smoke
patterns measured in traverses normal to the Chicago shoreline are
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Figure 9. XY (Plan) Trajectory of Tetroon Shown in Figure 8. Actual
three-dimensional path of balloon as it drifted within the lake breeze
was that of a rather flat helical spiral.
plotted at three times during the day. At 0700 CST, before the lake
breeze onset, the smoke was highly layered beneath the nocturnal
radiation inversion and was drifting lakewards in a weak land breeze
out ow, with some particles probably being caught in an even weaker
land breeze return ow. By 0900 CST, after lake breeze onset, smoke
was rapidly convected upwards in the deepening daytime mixed layer
over the land. By 1400 CST, smoke was concentrated aloft in the return
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Normal to the Chicago Shoreline During Lake Breeze of 13 August
1967. Lake breeze front shown as heavy line. Analyses entered at
0700, 0900, and 1400 CST.

ow and in the upper third of the in ow layer. Thus, a portion of the
smaller aerosols had subsided into the onshore owing air. After crossing
the shoreline they would eventually be mixed to the surface by the
deepening thermal boundary layer present over the land (fumigation).
The analysis of the larger aerosol measurements (Figure 11) shows a
radically different pattern, however. The pattern was rather chaotic, but
layered at 0700 CST, and showed signs of upward mixing at 0900 CST as
convections developed over land. By 1400 CST, one found very high
concentrations in the vicinity of the updrafts marking the lake breeze
front. As one proceeds eastward over the lake, however, the highest
concentrations are not found aloft, but rather near the surface. This very
strongly suggests that a de nite size-sorting of aerosols occurs within the
lake breeze cell.
A complete summary of the characteristics of a well-developed lake breeze cell is shown in Figure 12. 3 Of greatest interest to this
paper is the suggestion that while the sub micron particulates recirculate
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inwithin the lake breeze, much larger aerosols (containing a greatly
air
ulent
nonturb
the
creased mass fraction) fall out in large numbers in
over the lake.
Estimating the actual concentrations of particulates which
reach the lake surface is obviously a dif cult problem. It is complicated
not only by the extreme spatial variations in turbulence between land and
lake during lake breeze circulations, but also by the complex mesoscale
transport processes illustrated herein.
A model is currently under development by the authors which
will hopefully further illuminate this phenomenon. It will utilize extensive pibal wind and aircraft turbulence measurements made during lake
breezes in the Milwaukee area during the summers of 1973 and 1974. The
wind data will be used to construct three-dimensional wind elds at
hourly intervals (somewhat similar to those shown in Figure 7). These
data will then be time integrated to allow computation of air parcel
trajectories, which can be originated at any point in space or time (or be

back-tracked) in the lakeshore environment ( 10 to 30 km from the

shoreline). Any size particulate (parameterized by terminal deposition
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velocity) can be utilized. An attempt will be made to account for the

dispersive effects of turbulence by incorporating actual turbulence mea-

surements made with a Cessna 182 aircraft during several lake breezes
during 1974. While this latter aspect will probably only serve as a gross
approximation (rather a type of puff model), it is felt that the trajectory
model will be most helpful in analyzing certain aspects of the size-sorting
characteristics of lake breezes and the nature of the three dimensional
transport of particulates from their sources.
Summary and Conclusion

The mesoscale patterns of both transport and diffusion in a
shoreline are extremely complex. Studies of diffusion over land are for
the most part invalid when applied to the marine environment. Furthermore, reliance on the readily available meteorological data gathered by
NOAA (National Weather Service) or even those procured by conventional site-monitoring installations (ZOO foot towers, etc.) will not reveal
to any major degree the true characteristics of the atmosphere.
Even conventional data are sadly lacking. Except for occa
sional ship measurements and intake records, no system for monitoring
the water temperature of Lake Michigan exists. The Canadian government routinely uses radiometer-equipped aircraft to survey the water
surface temperatures of the other four Great Lakes. Some system,
whether from aircraft or satellite, should be employed to routinely and
rapidly provide surface water temperature maps to both researchers and
operational personnel. Currently, Great Lake water surface temperature
maps are derived from satellite data by the National Environmental
Satellite Service, but take 30 days or more before routine dissemination.
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The In uence of Surface Effects on

Pollutant Deposition Rates Over the
Great Lakes
G. D. Hess and B. G. Hicks
Argonne National Laboratory, Argonne, Illinois
To estimate the atmospheric ux of pollutants to the Great
Lakes, schemes are commonly used that evaluate the dry
means of a deposition velocity (made up of gravitational
by
surface uxes
and turbulent components) applied to some convenient near surface
concentration. The values of the deposition velocity used are often those
that result from experiments performed in substantially different situa
tions. For example, empirical determinations of deposition velocities
obtained over open ocean are sometimes applied to the Great Lakes
without any recognition of the obvious differences in the nature of the
two surfaces involved. The temperature difference between the air and
the water surface may be of prime physical importance. Over the Great
Lakes, this difference is often quite large many times that found over
open ocean. It is, of course, even more unrealistic to use deposition
velocities that are determined from experiments performed over solid
surfaces in any study of overwater uxes.
The Role of Surface Roughness

In the surface boundary layer the vertical ux to the surface,
F,, of any atmospheric property of negligible inertia having concentration p at height 2 can be written in terms of an eddy diffusivity, KP, that is
appropriate to the quantity in question, and the local gradient:
(1)
'
Fp = p [Kp (dp/dz) + pvg]
where p is air density, and pvg is a gravitational deposition term that
must be associated with the total downward ux of particles having
sedimentation rate vs. The second gravitational term in Equation 1 is

-
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irrelevant to gaseous transfer. Alternatively, Equation .1 can be written
as the sum of eddy and gravitational terms:
Fp = Fpe + Fpg 2 Pp (Ve + Vg)

in which the eddy deposition velocity ve remains to be determined. The
assumption that the total ux can be considered to be the linear sum of
turbulent and gravitational components is a rst order approximation
suf ciently accurate for the present purposes.
The eddy diffusivity of Equation 1 can be expressed as

Kp = ku.z/CI>p

(3)

where k = 0.4 is the von Karman constant, u. is the friction velocity
(de ned by pu.2 E To, where T, is the surface momentum ux), and (13p is a
stability-dependent correction function (the subject of many experimental studies) that tends to unity at the surface. Considering only the
turbulent part of Equation 1 and substituting for Kp using Equation 3 we
obtain a result that can be integrated between the surface and height

2

p.

p. = (Fpe/pku.) one/2,)

\II,(z/L))

(4)

where 1 , (as introduced by Panofskyl) is de ned as the integral of the
function (1
d>,,)/z. Equation 4 is a generalization of the familiar wind
pro le relationship, in which Fp. is the momentum ux, and zP E 20 is the
familiar roughness length. In the general case, the scaling height zp is an
equivalent roughness (or capture ) length appropriate to the ux of the
property p. The nominal surface concentration that enters Equation 4, p,,
is therefore more properly the concentration at height 2,. In the analysis
that follows we assume po << p,, which implies an ef cient sink at the
surface; hence we shall neglect p, in Equation 4.
Following current practice, atmospheric stability is speci ed
in Equation 4 as the ratio of the height of observation to the Obukhov
scale length of turbulence:

L = pc,u.3T/(kgHT).

(5)

Here, T is the absolute temperature, g is the acceleration due to gravity,
and HT is the net effective buoyant heat ux composed of the sensible
heat ux plus about 7 percent of the latent heat ux (in order to take into
account the buoyancy of water vapor). This small adjustment is of
particular importance over water, where evaporation rates are comparatively largeand sensible heat uxes are small. Experiments performed over land and water have essentially determined the dependence
of 1 , on atmospheric stability over the range I z/L | Z 2. In stable
conditions, the results of Webb2 suggest that

PM = w, = 5.2 z/L

(6)
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where the subscripts indicate reference to the cases of momentum and
sensible heat. In unstable conditions, convection results in a difference

between 15, and \I H. Experiments have resulted in several, largely
equivalent descriptions of the stability dependence in these conditions,
but here we will take values tabulated by Dyer and Hicks,a which are
closely approximated by the empirical relationships:
In (WM) = 0.032 + 0.448 (ln( z/L))

0.132(ln( z/L))2

(7)

In 01/"): 0.598 + 0.390 (ln( Z/L))

0.090(ln( z/L))2

(8)

The vertical, turbulent transfer of any trace property in air
near the surface can probably be approximated by the relationships given
above for the case of sensible heat. This has been veri ed for the
particular cases of water vapor,4 ozone,5 and carbon dioxide.6 There is no

convincing evidence to suggest that scaling according to the ux of
momentum might be more appropriate; although for lack of anything
else, this was the assumption made by early workers.
Experimental measurements of the quantity 2p in Equation 4
have shown that in the sensible heat and water vapor cases we may take

2,, 2 D1, /ku.

(9)

where DD is the appropriate molecular diffusivity. Predictions based on
this assumption agree well with empirical results over a variety of
natural surfaces and wind speeds7 up to 13 ms '1. In the case of very small
particulate transfer, it seems appropriate to take Dp to be Brownian
diffusivity. The corresponding equation for 20 differs from Equation 9,
and for our purposes we have chosen to use a simple interpolation
formula that combines the result for smooth ow and Charnock s8 expression for rough ow:
20 = v/(9.lu.) + 0.016u.2/g

(10)

in which v is the kinematic viscosity. Equation 10 is con rmed by many
empirical studies over water.9
Thus, there is a good basis for claiming that mechanisms for
the dry deposition of both soluble gases and very small particles over
water surfaces are reasonably well understood. There remain, however,

a few important problems. For example, the above formulations are

restricted to heights 2 < | 2L | or to heights below the region where

Coriolis terms become important, whichever is the smaller. Typically,
the Obukhov length takes values over water that range, in the oceanic
case, between about 20 and 200m. Over the Great Lakes, much
greater extremes of stability are common; consequently, on many occasions the present formulations cannot be applied.
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Extrapolation to Greater Heights

Coriolis correction terms become important in light wind

situations. For heights z< 100 m, the change of wind direction with height

can be ignored.10 Thus, for steady, homogeneous conditions the momentum equation is reduced to:

ng = 3(TX/p)/8Z

(11)
Where f is the Coriolis parameter, VK is the y component of the geostrophic wing, and 'r, is the x-component of the momentum ux at height 2

in the direction of the surface stress. Assuming a thermal wind shear
constant with height, then
Vg : Vgo + Syz

where V3, and Sy are the constant (with respect to height) components of
the surface geostrophic wind and wind shear respectively, in the direction normal to the surface stress. Substitution of Equation 12 into
Equation 11 and integration of the result from the surface to height 2
leads to the following for z>>zoz
7,,(Z)

pu.2 = pf (Vgoz + Syzz/Z)

(13)

The surface geostrophic wind component can be eliminated
from Equation 13 by introducing the stability-dependent function
B(p.) = Vgck/u.

(14)

in which n E kquL is a measure of the stability of the planetary
boundary layer. Thus the corrected friction velocity is

U. a (mm/pm = u. [1

(fz/u.) (B/k

Syz/Zu.)]"2 (15)

The corrected Wind pro le for the internal boundary layer can now be
derived from mixing length arguments, such as those of Blackadar 0 in
which the mixing length is written
where a0 2 0.008.
expressed as

(au/az) = (u./kz) [1

l (2) = kz(1 + kfz/aou.)

(16)

2 The velocity gradient that is then obtained can be

(fz/u.) (B/k

syz/2u.)]w(1 + kfz/aou.) d>M(z/L)

(17)

Equation 17 can be integrated numerically to give the velocity pro le,
and similar corrections can be derived for the pro les of other properties.
Thus, methods for extrapolating the surface boundary layer
considerations given above to greater heights already exist, although
only in an approximate form.
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The Importance of Stability over the Great Lakes

As mentioned above, the similarity theory upon which Equation 4 is based is limited by the experimental determination of \pr (z/L) (or
equivalently of (I)p (z/L)). To gain some appreciation for the physical
importance of the restriction imposed by the limits of present experimental information (i.e., | z/L l < 2), it is of interest to examine records of
air and water temperatures. Figure 1 is a histogram that illustrates the
variability in the surface-to air temperature difference at the upwind side
of Lake Michigan. Since better data are lacking, the values that have
been used in constructing Figure 1 are subject to considerable error. The
air temperatures are those observed at a height of 2 m at Midway
Airport, Chicago, some 10 km from the shore, While the surface temperatures are actually observations of lake temperature at about 2 m depth
obtained at a water intake crib, about 3 km offshore from Chicago. These

data, and all that follow, were obtained in winds from the westerly

quadrant during January, April, July, and October, 1974.
The most striking feature of Figure 1 is the marked seasonal
variation of the air-water temperature difference, with the majority of
occasions during January and October being unstable (water warmer
than air), and those during April and October being stable. The shaded
portions of the diagram indicate those regions for which the similarity
theory given above can be applied below a height of 10 m. The percentages on the stable and unstable sides of the gure refer to the probability
of occurrence outside the region in which the theory applies. It is obvious
that the theory is applicable for only a small proportion of the time.
As air travels across a body of water, it adjusts to the new
surface conditions. Data obtained during an experiment in July and
October 1971 near the western shore of Lake Michigan11 (about 1.5 km
offshore, near Muskegon, Michigan) illustrate the degree of modi cation
of the air mass (Figure 2). Air temperatures in this case were recorded at
8 m, while water temperatures were measured at the surface. On the
eastern side of the lake, the similarity theory given above is applicable
for almost all westerly Wind occasions.
In sufficiently stable strati cation (z/L more than about 10), it
is commonly accepted that the motion of the lower layer of air is
effectively frictionally decoupled from the surface. Although there is no
direct information regarding the ux of particulates in such conditions,
consideration of the physical processes that contribute to the net down
ward turbulent transport of material suggests that the generalized eddy
deposition velocity must be nearly zero; so that gravitational sedimentation is virtually the only removal mechanism.
In highly unstable conditions, the air near the surface is
mixed by strong convection. In lieu of an experimentally veri ed theory,
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we suggest that a useful approximation can be derived from the theory of
free convection. Presupposing that the pollutant in question is carried
as sensible heat, we can eliminate u. from the appropriate parameter list
and by dimensional analysis we can then write

dp/dz oc (Fp/p) 3(g/T) 3Z" 3

(18>
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ion
Integrating Equation 18 leads to an expression for the eddy deposit
velocity:
v8

0C (FF/p)1s3(g/T)13213(1_(Z/Zp)1:;)71

as heat
The assumption that the property p is mixed in the same manner
19 in
on
Equati
ing
implies that chp/ H is independent of stability. Rewrit
terms of L and considering z>> zp we nd that
(20)
v8 = cuu.( z,,/L)l3

in freely convective conditions, where
0,, 0C (chp/kH) 3

Figure 3 illustrates the three different characterizations of
to mea
the eddy deposition velocity over water. The diagram applies

convenience, a
surements made at about 5 m above the surface. For

nomogram for the approximate Obukhov length, L, is included.
Discussion

The considerations of the stability in uences upon our present
ized in
understanding of the eddy deposition process can be summar
or
indicat
y
stabilit
ed
simpli
a
Tz)/u,2, essentially
terms of Y 2 (T0
is
ter
parame
this
if
units,
(evaluated, in our case, at z = 5 m). Using SI
g
settlin
tional
gravita
less than about 0.1, little deposition other than
given
be
will
,
v,
+
will occur, and the total deposition velocity, VP = ve

by

v, = v,

(21)

If, however, Y> 0.4, conditions are strongly convective and dimensional
considerations suggest that
vp = cou.(

zp/L) 3 + v3

(22)

In the intervening region, where our knowledge of uxogradient rela
tionships is most reliable, the appropriate form appears to be
(23)
I p(z/L)) + vg
v, = ku./(ln(z/zp)
A complete description of the eddy deposition processes over
the Great Lakes would require knowledge of both the rate of adjustment
of air masses as they pass from land across the water surface and the
effects of mesoscale circulations induced by air-water temperature dif

ferences, such as the lake breeze. Numerical models tend to treat these

problems separately. Taylor,12 for example, has attempted to model the
case of cold air advection over the Great Lakes. His study was restricted
by the assumptions of constant surface roughness and rather closely

a,
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Obukhov stability scaling parameter L (in meters) in that region
where our understanding is best.
constrained atmospheric stability. Other work of Taylor13 indicates that
we might reasonably apply the commonly used surface boundary layer
fetch-height ratio (the ratio of the fetch to the depth of the modi ed
boundary layer that has adjusted to the new surface, typically taken to
be about 100) to the planetary boundary layer. The distance constants
involved in the modi cation of a 1 km thick layer of stable air moving
across the Great Lakes might well be of the order 50 100 km, neglecting
possible interference by mesoscale circulations. The strati cation near
the surface (either stable or unstable) would be considerably reduced

after travelling this distance. In the case of light winds, which typify
extreme occasions of atmospheric strati cation, the effects of lake
breezes are likely to dominate in nearshore regions. Such circulations
imply descending air in the stable strati ed regions over the lakes.
Present numerical models of lake breezes largely do not consider the
wide range of atmospheric stabilities that normally occurs.
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The overall picture cannot be presented with con dence.
simulThere is no description of the general behavior that incorporates
ry
bounda
the
on,
depositi
surface
nt
taneous formulations of the turbule
a
over
tions
circula
ale
layer modi cation, and the effects of mesosc
suf ciently wide stability range.
No mention has been made of the role of surface contamina-

However, it
tion of the water itself, and indeed relatively little is known.

reduce
seems obvious that any form of surface contamination will tend to
h local
throug
the dry deposition rates of most atmospheric contaminants
modi cation of the surface wave structure and hence reduction of the
surface
friction velocity. On the other hand, the local anomalies in
temperature that are probably associated with areas of surface contami
cause a
nation should result in enhanced local atmospheric instability, and
two
these
of
effect
net
The
es.
velociti
ion
local increase in the deposit
dry
that
e
possibl
is
it
and
clear,
means
counteractive processes is by no
ted.
deposition rates are essentially unaffec
Conclusions

Even though there is a considerable body of empirical and
uxes of
theoretical knowledge concerning the parameterization of the
ely
relativ
is
there
ocean,
open
to
and
s
general pollutants to land surface
e
extrem
the
to
lated
extrapo
be
can
little basis on which this knowledge
Lakes.
Great
the
stability conditions that often occur over
On the average, about 70 percent of the winds from Chicago
the
across Lake Michigan have characteristic stability regimes over
surface
the
of
water that lie outside the scope of present understanding
ux gradient relationships. However, in the highly unstable case (abdut
in
20 percent of westerly wind occasions), there seems to be some merit
extrapolating free convection relationships in order to deduce approx
imate eddy deposition velocities. In the remaining highly stable cases, it
seems appropriate to take the turbulent deposition velocity to be zero
near the shore. Evaluation of the total pollutant uxes to the Great Lakes
will require knowledge of the rates at which air masses are modi ed by
the water surfaces, and the mesoscale lake breeze circulation, in addition
to the turbulent structure.
The framework that has been suggested for specifying the
general deposition velocities for gaseous and particulate contaminants is
based on current boundary layer concepts. It must be emphasized that
direct experimental veri cation of the various suggested formulations for
the deposition velocities has not yet been made. This needs to be done, in
conjunction with careful measurement of related micrometeorological

quantities such as the usual uxes of heat, moisture, and momentum, of
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surface properties (including temperature), of uxes and of concentrations of the contaminants of speci c interest.
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Gas Transfer Across Natural

Air-Water Interfaces, with Special
Reference to Lake Surfaces
P. S. Liss
Ocean Chemistry Division, Department of the Environment, Victoria,
British Columbia, Canada
as transfer across lake air interfaces may be an important
G removal route for gaseous pollutants introduced into the
atmosphere as a result of anthropogenic activities. Some recent models
for the atmospheric dispersion of gases emitted from a point source have
included uptake of ammonia1 and sulphur dioxide2 by open freshwater
bodies. As both of these gases react rapidly in the aqueous phase, liquid
phase processes may be ignored and the water surface taken as a perfect
sink. For other gases the situation is often more complicated. One
purpose of the present paper is to discuss the factors controlling gas
transfer across air water interfaces, with a view to increasing the
number of gases for which the water surface removal term in atmospheric dispersion models can be speci ed. The approach adopted here
should also be useful in constructing mass balances for atmospheric
gaseous pollutants, in that it provides a way of calculating one of the
terms in such budgets, i.e., the ux of gas across lake-atmosphere
interfaces.
Two-Layer Model for Interfacial Gas Exchange

For the study of gas transfer across gas-liquid interfaces,
chemical engineers often use a two-layer model of the interface. In the
model, the main body of each uid is assumed to remain homogeneous as
a result of turbulent mixing processes. A gas crossing between the two
phases experiences the most resistance to transfer in the regions immediately adjacent to the interface, transfer through these interfacial
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layers (or lms) being by molecular processes. Although
physically rather
unrealistic, the two lm model has proved very useful for visuali
zing the
processes by which gases move from one phase to the other,
as well as for
simplifying theoretical calculations of gas exchange
rates. Liss and
Slateri' 6 have used the model to calculate the uxes of a numbe
r of gases
across the air-sea interface. The mathematics of the model
is treated in
detail in the above references and only the more important
equations will
be reproduced here.
A concentration difference (AC) for any gas across the
layer
system will produce a ux (F) of that gas such that,

F = kAC

(1)

where k (the exchange constant) is a measure of the ux of gas
per unit
concentration gradient and has dimensions of a velocity. The recipro
cal of
the exchange constant gives the resistance of the layer system
to gas
transfer. The total resistance to exchange will be due to a combin
ation of
the resistances provided by the gas and liquid interfacial lms.
Surface
contaminants will contribute to the resistance of the phase in which
they
occur. The following equation shows how the resistances of the individ
ual
phases combine to give the overall resistance:
1

1

1

K = F. + m,

<2)

where K], k., and kg are the overall (expressed on
a liquid phase

concentration basis) liquid and gas phase exchange constants,
respectively, and H is the Henry s Law constant (concentration in gas
phase/concentration of unionised dissolved gas in liquid phase). Thus the
overall resistance (RI = l/Kl depends on the values of the exchange
constants for the individual phases and the Henry s Law constant for the
gas concerned.
In using Equation 2, l/k, is often written as r] and l/Hkg as rg,
hence,

R1 = r] + r3.

(3)

Provided values for k,, kg, and H are available, then 4,, and rs, and the

relative importance of gas and liquid phase resistance may be evaluated.
The reciprocal of the sum of r, and r, will give the overall exchange
constant, which can be substituted into Equation 1 along with observed
concentrations in the gas and liquid phases to yield gas uxes across the
interface.
This approach applies to any gas-liquid interface. In order to
make use of it at an air lakewater interface, appropriate values for the
exchange constants of these two phases must be obtained. Field measurements generally yield only the overall exchange constant. However,

L
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Gas Phase Resistance (r)
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explain the rather close agreement between water vapor exchange
constants over inland and oceanic waters.
By use of Equations 2 and 3, together with typical environ
mental values for kg and k,, it can be shown that for sparingly soluble
gases, which are not chemically reactive in the aqueous phase, r,>>r,,.5
Since both Rn and Kr are inert and of low solubility, values of the overall
exchange constant (K) obtained using these gases will, in fact, give kI
and hence r1. At this point values of K1 determined from measurements

involving C02 must be treated with caution, because the chemical reactivity of the gas may affect its exchange constant.
Exchange of Chemically Reactive Gases

In the case of a chemically reactive gas, processes other than
molecular diffusion may enhance transfer across the liquid lm. Taking
002 as an example, as well as the normal concentration gradient of
dissolved gas molecules, there can also be gradients of HCOg and CO?
ions depending on the pH of the aqueous phase. It has been shown in
laboratory experiments that under calm conditions and with a solution
pH > 5, the ionic species gradient can signi cantly enhance the exchange
of CO2 .1521 Hoover and Berkshire21 have developed the following equation
to quantitatively predict the degree of enhancement:

or = [TN Klan) - zol] / [<7

1)

(V(Kg T/D) - z.) + tanh (WK; T/D) . z,)]

(4)

where a is the degree of enhancement of the exchange constant due to
chemical reactivity [= k] (reactive)/kl (inert)]; T the ratio of total to ionic

.

forms of inorganic carbon; K}, the hydration rate constant of COZ in water;
zl the thickness of the liquid

:

lm; and D the coef cient of molecular

diffusion.

Under normal environmental conditions of pH and turbulence
exchange enhancement for 002 turns out to be only a few percent, due to
the slow kinetics of its hydration/dehydration reaction. This is why
values for Kl determined using CO2 agree well with results obtained
using the two inert gas techniques. It is of interest that in the Canadian
lake studied by Emerson et a1.,11 a value of 2.75 for a is calculated for
C02. This arises in part from the lack of turbulence in the lake water at
the time of the experiments, but is largely because the pH of the lake
water was close to 10. The exceptionally high pH was due to photosynthetic removal of CO2 by the increased standing crop of phytoplankton resulting from the addition of nutrients (P and N) to the water as part
of a eutrophication experiment. Such conditions must be regarded as
abnormal, and CO2 generally shows very little exchange enhancement

due to chemical reactivity.

,
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urgent need for measurements of gas concentrations in lake waters and
in the air above. Except for one or two of the major atmospheric
components, such data appear to be almost entirely lacking at the present
time.
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Fallout Upon Open Waters
Herbert L. Volchok
Health and Safety Laboratory, US. Energy Research and
Development Administration, New York, New York
The Health and Safety Laboratory (HASL) has carried out
a number of experiments in recent years pertaining to
fallout onto open waters. The motivation for these studies was an
attempt to untangle a paradox concerning global fallout of 90Sr from
nuclear weapons tests)2 The data suggested that the oceans were receiving substantially more 90Sr per unit area than adjacent land masses.
This conclusion was not based upon direct measurements of the actual
fallout in both regimes, but was inferred from the cumulative amounts

observed. Most 90Sr on land is deposited in precipitation, and we were

able to show conclusively that precipitation over the Atlantic Ocean was
not systematically higher in 9"Sr concentration than over land. Nor is
there evidence for substantially higher annual total precipitation over
ocean as compared to over land. Runoff from continents could not account
for the excess.3 The one mechanism which had not been directly investigated was dry deposition. It did not seem unreasonable to assume that
dry deposition might be signi cantly greater on wetsurfaces than dry
ones, especially with the presence of substantial amounts of spray as a
possible stavenging mechanism of near surface aerosol. Following is a
summary of experiments which were directed toward this question.
The rst test was a laboratory simulation. A pair of collectors
in which a wet surface was constantly maintained with circulating water
was set out on the HASL roof near the standard steel pot and plastic
funnel total fallout collectors. Over a six month test period the total 9°Sr
collected by the two systems varied less than 2 percent. This was a
reasonably certain indication that, at least in a moderate precipitation
situation such as New York City (about 100 cm per year), the mere
presence of a relatively passive wet surface did not measurably enhance
- 9oSr fallout.
A much larger wet surface fallout experiment was carried out
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Figure 1.

Crater Lake, Oregon

at Crater Lake, Oregoniv5 (Figure 1). Crater Lake is an almost circular,

very deep lake, with an area of about 54 km2 (mean diameter about 8 km),
which almost never freezes and is well mixed. The total 9"Sr deposit in the
lake integrated from depth pro les and sediment samples was compared
with the amount expected based upon well documented 9oSr fallout
measurements of soil from other sites in Oregon. Workers in this eld
have long assumed that within limited geographical areas the total
amount of fallout is directly proportional to precipitation amounts.6 The
predicted integrated deposit at Crater Lake, based upon such a calculation, came out within 4 percent of the amount observed. Figure 2
illustrates this relationship between fallout and precipitation at the three
sites in Oregon. It is interesting to note that by extrapolating this curve
to zero precipitation, it intersects the ordinate at about 20 mCi/kmz, the
indicated amount of dry 9°Sr fallout in that region. From this experiment
we concluded that dry 9°Sr deposition on even a very large lake surface is
not signi cantly greater than on dry land.
Freudenthal7 carried out a model experiment in which he
compared the dry deposition onto surfaces of salt water underpassive
and spray conditions. He was able to positively demonstrate a scavenging
effect of spray, increasing the dry fallout by about a factor of two. This
very interesting result becomes negligible in context of the world ocean

m;
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Figure 2. The Relationship Between Sr Fallout and Precipitation in
West Oregon.
fallout problem, because, on the average, only a relatively small percentage of the surface is actively producing spray.
Once more I want to emphasize that all of the above tests and
conclusions were directed toward understanding the role of dry fallout in
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the global 90Sr picture. The source is almost entirely stratospheric and
the particle size of the 9"Sr bearing host is less than 0.5 pm. These are
fairly speci c conditions and are perhaps not applicable to many problems
of man-made pollution, but they should be useful to de ne a possible
limiting case.
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Wet/ Dry Fallout Collection
Herbert L. Volchok and Robert T. Graveson
Health and Safety Laboratory, US. Energy Research and
Development Administration, New York, New York
he necessity for obtaining quantitative information on dry
and wet fallout (as opposed to simply total fallout) of
various airborne substances has been indicated rather often in recent
years. -2 Predictions of pollutant deposition often depend directly upon
the mode of such deposition, which, in turn, is related to the distribution

in the atmosphere as well as speci c physical and chemical characteristics
of the pollutant. For example, large-scale, long-term, radiological dose
commitments resulting from nuclear war, or extensive atmospheric
testing of nuclear weapons, will be brought about mainly by stratospheric
fallout of certain long-lived ssion products and transuranics. Since
stratospheric fallout is primarily deposited in precipitations, we must be
concerned primarily with wet deposition; the dry component may be
irrelevant and in some cases, if not properly accounted for, could be
misleading. By contrast, local fallout incidents, nuclear reactor emissions, and other pollution events which are relatively spatially restricted
will probably be related to dry deposition processes more critically than
wet ones.

In support of this requirement for producing sound wet and
dry fallout data, about 4 years ago we undertook an investigation of the
feasibility of obtaining adequate samples for analysis. Our objective was
to determine whether sampling equipment was available that would
separately obtain quantitative wet and dry deposition and would operate
reliably and unmanned for periods as long as a month. A similar, but
much broader e fort, including comparative chemical procedures, is currently being carried out at Cornell University.3 The only off the shel
equipment which purported to do such sampling was a system called the
ICN Tracerlab Model 93, Precipitation Monitor, similar if not identical
to the Misco collector currently in use in some EPA programs. This unit
contains only a single receptacle which collects wet fallout; the pot is
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covered during dry periods. One of these instruments was loaned to us by
EPA and thoroughly tested in our laboratory and on our roof in New
York City for about one year. The collector proved to be quite unreliable
and required signi cant attention in order to obtain a satisfactory
monthly sample. The down time was considerable, and it was observed
that visible deterioration of the instrument occurred, mainly due to
exposure to the elements. In terms of mechanical and electrical design
the system was. at best marginal. These conclusions are very similar to
those more recently reached by Likens et al.4 It is therefore surprising
that many of these instruments are still in use producing samples and
data of unknown quality.
After concluding that the ICN unit was inadequate, the
Health and Safety Laboratory (HASL) embarked on a program to
design, construct, and thoroughly test a new instrument that would
satisfy the needs as stated earlier: quantitative, automatic, reliable

remote sampling of wet and dry fallout.
Design

The HASL wet/dry fallout collector is a two pot system with a
movable peaked cover designed to expose the wet and cover the dry pot
at the onset of precipitation, and vice versa. A unit is shown in Figure 1.
For purposes of scale, note that the opening in the plastic pot is about 30
cm in diameter. There is a sensor on each side of the roof. We originally
used a printed circuit type sensor, as others do, but these weather and
fail under adverse pollution conditions. Our current, successful system is
three dimensional, as shown in the close-up in Figure 2. The base plate is
insulated from the parallel bars above by a thin (about 0.8 mm) air space.
Any electrical ow between them activates the motor in the base of the
unit and the counter-weighted lid moves to cover the dry pot. When the
circuit is broken, the cover returns. Empirically, this scheme appears to
discriminate reasonably well between precipitation held to the sensor by
capillary action and spurious short-circuiting agents such as dust and
other Wind-blown debris. Even in New York City, anomalous activation
of the cover has been extremely rare.
Heaters are mounted below the sensors. These are activated
when the temperature drops below 40° F, to melt snow or ice accumulations on the sensor; or when the instrument is in the wet collection mode,

to evaporate moisture from the sensor. Thus when properly adjusted,
the wet collector will be exposed only during periods of rather continuous
precipitation. The actual sensitivity or dead time is of course dependent
upon ambient temperature, humidity, and wind conditions and can be
varied.

J.
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Figure1. HASL Wet/Dry Fallout
Collector.

Figure 2. Sensor on HASL
Wet/Dry Fallout Collector

Collection Characteristics
To date, out of a total of 40 months of sampling, there were

only two months of complete failure. These were brought about by
freezing of the arms to the base during ice-storm and freezing rain
conditions. The remaining samples, covering more than three years (late
1971 through 1974), were quite consistent with a mean collection ef ciency (or percent of precipitation retained) of 94 i 10 percent. Figure 3
is a frequency distribution plot of these collections showing that there is
no noticeable skewness. The results appear to be normally distributed
(also suggested by the median equal to the mean). Likens et al.4 reported
data with an average collection ef ciency of only 86 i 7 percent for our
collector for six individual storms. We cannot resolve this difference as
yet (our 94 percent vs. his 86 percent), but it may very well be associated
with the type of precipitation gauges used. Likens et a1., measured
precipitation with the most precise methods available right after each
storm, our gauge was rather crude and precipitation was measured
monthly, suggesting that differential evaporation may be a factor. One
might guess, however, that if this were the source of disagreement, the
volume of the monthly collections could affect the e iciency through
evaporation, and smaller apparent collections would show a higher percent loss. This is not the case as no correlation of retained precipitation
with monthly volume is evident, and this is over a range of about 1.5 to
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almost 20 liters per month. Finally, we hypothesized that there might be
visible seasonal effects, since the New York City seasons certainly do
vary with respect to wind, temperature, and humidity. In Figure 4, the
percent retained precipitation is plotted versus time over the period of
this experiment. While no seasonal trends are readily observable,
grouping the months by season produced the medians indicated. It is not
possible to prove that the differences, 96 percent for spring and fall and
91 percent for summer and winter, are not merely statistical artifacts.
However, these trends are not unreasonable when we consider that the
only observed failures of the equipment occurred in winter, and the
highest systematic evaporation rate occurs in summer.
Current Programs

HASL wet/dry collectors are in routine operation in a number
of ongoing research programs:
Urban Baseline Studies (HASL)

New York, NY.

Richmond, California
Regional Baseline Studies (HASL) Lloyd, N.Y.
(PNL) Quillayute, Washington
METROMEX Program
(ISWS) St. Louis, Mo.
Precipitation Chemistry Study
(Cornell/NOAA) Ithaca, N. Y.
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In 1975 we plan to equip at least two global baseline stations

with this instrument: the ARL/NOAA facility on Mauna Loa, Hawaii;

and Kerguelen Island, a French weather and research station in the
southern Indian Ocean.
Data from the HASL collection program have been reported
earlier.5
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Potential Loading of Southern Lake

Michigan by Dry Deposition
Herman Sievering and A. Carl Williams
College of Environmental and Applied Sciences, Governors State
University, Park Forest South, Illinois
National Weather Service, Chicago, Illinois
The signi cance of aerosols as a source of loading to Lake
Michigan was rst recognized by Winchester and Nifong
who estimated the transfer ef ciency of Chicago area aerosols to Lake
Michigan to be at least 10 percent. Since then, Skibin2 has estimated at
least a 25 percent overall transfer ef ciency. These estimates suggest
that mass loading by the atmospheric route causes the lake concentration
of at least eight trace metals to be raised faster than the lake is naturally
drained. These trace metals are Ni, Pb, Ti, V, Mn, Cu, Fn, Co, and

possibly Al, Cr, S, and Fe. Neither of these estimates has incorporated a
dispersion model with surface depletion, let alone taking into account
local meteorological systems. Also, given the wide variation in reported
trace metal particle size it is essential that transfer ef ciencies be
determined as a function of particle size. For example, it is inappropriate
to use a deposition velocity, VD, of 0.5 cm S 1 for all particle sizes. 1
This study describes a transport model as a function of
particle size for the Chicago area aerosol source. Dispersion over the lake
is characterized by a diffusion equation including the gravitational eld
with a correction for surface depletion, whereas deposition is characterized by Sehmel s5 model for deposition onto a smooth surface. As originally proposed by Chamberlain,6 the atmospheric dispersion process is
l
described by a Gaussian plume model for a non-depositing materia
conserinsure
to
surface
the
incorporating re ection of the material at
loss of
vation of mass. The source depletion model7 then accounts for the
h as a
strengt
source
airborne material due to deposition by reducing the
function of downwind distance.
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Since a transport model as a function of particle size is
desired, gravitational settling must be included in the dispersion analysis. The diffusion equation for a pollutant having density p and terminal
velocity VT has been solved by 800 assuming a point source and a
constant diffusivity atmosphere. Although these assumptions are not
strictly valid for southern Lake Michigan, minimizing transfer ef ciency
values for the height of the equivalent point source and diffusivity will be
used. The resultant equation for the normalized downwind concentration
at the lake s water surface, C(x,o,o), is

C(X O O)
where

_
x

v H
2 cos h( T )
2D,(x)

_

x D,(x)

exp (

_

.
,u.H2

.
VTZX2

ZxD,(x)) exp humid? (1)

is the downwind distance

p.
is the mean wind speed
H
is the effective source height
D,(x) is the 2 component of diffusivity.

Figure 1 is a map of the Lake Michigan basin with the origin
of a polar coordinate system located at Chicago Midway Airport, the site
of the meteorological data. It should be noted that a 100 km or more
overwater path exists for aerosols in a 100° to 120° sector.
For the problem of aerosol deposition in Lake Michigan,
application of Equation 1 to two distinct periods is appropriate. During
the six-month warm season, May through October for southern Lake
Michigan, the air temperature over land is higher than the air tempera
ture over water. The cold season, November through April, has the

opposite temperature structure and signi cantly different meteorological
conditions. Table 1 presents results by warm and cold season of wind
direction and magnitude data reduction using more than four years of
data (May 1969 to July 1973) collected by A.C.W. at the Chicago Of ce of
the National Weather Service. These data are averages of the wind up to
the mixed layer, since they are based on observations of radiosonde
locations through the mixed layer, made at Midway Airport at about
11:00 A.M. CST. The mean mixed layer for this four-year period is 1400
m in the warm season with the average wind out of the southwest (240°);
and 850 m in the cold season with the average wind out of the westsouthwest (260°). The wind rarely exceeds 10 m s . Thus, awind of 10 m
S" is a minimizing transfer ef ciency value for p. in Equation 1, assuming
that the lesser true average wind would allow more aerosols to be
deposited before reaching the far shore of the lake. A 100 km or more
overwater surface for deposition prevails more than 50 percent of the
time. The 120 degree sector about the most frequent warm season wind
direction (240°) has a cumulative frequency of 54.6 percent. The 120
degree sector about the most frequent cold season wind direction (260°)
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Figure 1. Lake Michigan, its Water Basin, and the Polar Coordinate
System with Origin at Midway Airport
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has a cumulative frequency of 54 percent. Thus, we can assume a 100 km
water surface prevails more than 50 percent of the time. It should be

noted that wind data over the lake should be used. Until such data
become available, Table 1 gives the best available data.
Table 1. Frequency and Average Magnitude of Mixed Layer Wind
(Midway Airport, Chicago, Illinois, 1100) in Every 20° Sector (a north
wind is 360° or 0°) Measured in a Clockwise Manner Using Data from
May 1969 to July 1973
Frequency, %

Average Mixed Layer Wind m s-

Sector, °

Warm Season
May thru Oct.

Cold Season
Nov. thru April

Warm Season
May thru Oct.

Cold Season
Nov. thru April

0 20
20- 40
40 60
60 80
80 100
100 120
120 140
140 160
160 180
180 200
200-220
220 240
240 260
260 280
280 300
300 320
320 340
340 360

5.9
4.0
4.2
2.8
4.5
2.8
1.6
3.8
1 .9
5.9
8.7
12.8
12.1
7.8
7.3
3.8
3.5
5.9

4.5
3.0
2.7
2.7
2.1
2.1
2.1
5.4
6.0
6.0
11.4
6.6
7.5
1 1 .7
9.6
7.2
5.1
4.2

5.3
6.1
6.5
4.3
4.8
4.5
3.9
4.7
5.6
7.0
7.7
9.0
8.6
8.7
7.3
5.6
5.3
5.4

6.5
4.5
7.0
3.1
6.8
4.5
4.7
6.1
6.7
8.9
1 1 .0
10.7
7.4
8.4
7.6
9.2
6.0
6.2

Given the vertical distribution of aerosols through the mixed
layer (see Hidy s discussion in Rasool9), the mean height of aerosols is
certainly less than one-third the mixed layer height. Thus a minimizing
transfer efficiency value for the effective source height, h, in Equation 1
is one-third the mixed layer. Then, the Gaussian plume model is strictly
applicable from about 3 km to 40 km to 50 km (depending upon diffusion
characteristics in the vertical). A height of three km is equal to several
effective source heights so bouyancy effects no longer dominate, and at 40
km to 50 km, the mixed layer has not yet been lled. Beyond this
distance, Equation 1 predicts lower concentrations than actual, again
supporting a minimum transfer ef ciency estimate.
Michael et a1.10 and Raynor et a1.11 measured diffusion in
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transitional states over large water bodies near shore areas. The stand
ard deviation of material in the plume, 0,, was obtained from horizontal
plume photographs. Measured values of instantaneous o. from smoke

plume photographs under stable and unstable conditions were compared
to Pasquill predictions. All except one of the values under stable condi
tions have an equivalent Pasquill category of F or more, indicating very
slow dispersion. Under unstable

ows, all values are equivalent to a

Pasquill F or less. Given that slow dispersion leads to less transport to
the lake s surface before traversing to the far shore, a Pasquill F is
suf ciently conservative for unstable periods, i.e., the cold season. It is
dif cult to say what Pasquill category is suf ciently conservative in the
warm season. This is especially true in light of our sketchy knowledge of
the climatology of cold air over the lake in the warm season. Hess and
Hicks12 have shed some light on this problem. They suggest that during
the warm season air over Lake Michigan is extremely stable (i.e., greater
than F stability), as much as two thirds of the time. It is an open question

whether the cold air dome causing little dispersion and transport is
present across the entire lake surface. On a diurnal basis, mass balancing
over the lake would suggest areas of subsiding air to compensate for
converging air moving up over the cold air dome. Much work on lake
climatology must be done before this question can be answered. For the
present work we shall assume a Pasquill F category for one-half of warm
season days, for the contribution to transport occurs only for this portion
of time.
Having the necessary data to calculate the water-level concentration versus downwind distance, we can now take account of source

depletion due to deposition of particles at the lake surface. Knowledge of
the water-level concentration then allows the calculation of the ux of
aerosols into the lake:
F(x,o,o) = VD C(x,o,o)

(2)

Since Equation 2 depends on vD, a value for the deposition velocity must
be determined before even C(x,o,o) can be calculated. As noted earlier,
one cannot assume the same deposition velocity for all particle sizes. In
particular, Sehmel13 has empirically determined vD as a function of
particle size for isothermal smooth surfaces when the aerosols are

completely retained by the surface after contact (see Figure 2). Since
then, Sehmel et al.5 have con rmed these results in wind tunnel experiments and Schuman et al. have con rmed them over the Atlantic.

C(x,o,0) including source depletion can now be determined.
is
Figure 3 a graph of C(x,o,o) vs. x for ve particle sizes.
Although few actual land surfaces meet the assumptions
Sehmel made above, the water surface of Lake Michigan satis es the
assumptions under most conditions. Only when White capping of waves
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Schmels)

Comparison of Deposition vs. Particle Size (taken from

occurs will the smoothness assumption beviolated. Variation of water
temperature with horizontal distance is relatively slow so the surface
can, in fact, be assumed isothermal. The surface wind can be approximated by the geostrophic wind, which is calculated by triangulation.
Values of 4 to 6m sec1 in the warm season and 7 to 8m sec in the cold
season have been calculated by the Chicago Of ce of the National
Weather Service. Since increased deposition can be expected as surface
roughness increases, a minimum transfer analysis can well make use of
the vD values in Figure 2. The relative rate of deposition at any downwind
distance, i.e., F(x), is then determined by the product of Figure 3 results
times those of Figure 2.
The implication of this product is clear. Large particle
transfer ef ciency will be quite high relative to 0.1 pm particles and even
particles 50.01 am because of the expected water surface concentrations
of these respective particle sizes. A value for the transfer ef ciency for
any particle size is determined by a ratio of the integral of F(x) over the
lake surface path to the integral of F(x) over an in nite surface path.

#4.)

CONCENTRATION OF PARTICLES AT WATER LEVEL
C(X,0,0l
o
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Assuming a wind that will follow a 100km lake surface path 50 percent of

the time, the second column of Table 2 shows this calculated ratio.

Several mesoscale effects have been neglected in the transfer
efficiency calculation above. Athough some in uences cannot be considered because of the lack of knowledge about atmospheric processes over
the lake, the most important in uences can be well estimated. In partic
ular, closer scrutiny is warranted for those factors which tend to diminish
the transfer ef ciency as contrasted with those which might enhance it.
Table 1 presented a list of the frequency and average speed of
the mixed-layer wind at Midway Airport in Chicago as it falls into every
20° increment. A question with respect to wind steadiness can be raised.
The time of ight over the lake is on the order of 1 to 2 x 104 (3 to 4 hours)
allowing for wind shift effects. Singer15 has studied the steadiness of
continental winds during a four-year period (1960-1964). An assumption
of constancy in the wind direction and speed up to a four-hour period is
warranted for more than 80 percent of the cases. The working assumption that wind shifts do not occur during the time of ight of aerosols
therefore seems justi ed.
One mesoscale phenomenon that does diminish transport as
described by the model is that due to the lake breeze effect. Lyons and
Olsson16 have shown that the lake breezes frequently exert control over
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Table 2. Minimum Transfer Efficiency from the Chicago Area
Source to Southern Lake Michigan (expressed as percentages)
'
SE: i351)

Model Transfer Efficiency
Warm Season

Cold Season

Transfer Efficiency
Warm Season

Cold Season

0.002

1.5

3

1

3

0.02
0.2
2.0

0.15
0.015
0.6

0.3
0.03
1.2

0.1
0.01
0.4

0.3
0.03

20.0

19

38

15

1.2

38

1Nominally including source depletion correction and Lake Breeze Effect.

mesoscale air pollution patterns. In particular, these authors noted the
effects of intense inversions produced by the relatively cold lake waters
in the warm season and the partial recirculation of pollutants within the
lake-breeze cell allowing for the buildup of high concentrations of pollutants in spite of apparently good ventilation. Lake breeze effects occur
rarely during the cold season (<5 percent), and about 35 percent of all
days during the warm season. About 30 40 percent of lake breezes reach
inland as far as Midway Airport. Thus, the data in Table 1 account for
some of the lake breeze effect. The circulation pattern of aerosols within
the fully developed lake breeze cell causes a substantial portion of the
aerosols to be carried back over the lake in the return ow created by the
lake breeze (from approximately 500 to 2000 m in height). For aerosols
less than about 3 pm, terminal velocities are below 1 cm s". These
aerosols drift with the air motion and are thus carried along in the return
ow back inland. However, particles greater than 5 pm are observed
near the lake surface, having fallen out of the return ow air.
A last factor that will diminish transport is the discrepancy
between the assumed source depletion effect and the actual surface
depletion. At all distances from the source, the source depletion model
overestimates the total deposition between source and receptor location.
However, Horst17 has shown that for vD/;=10 3 (valid in the case at hand)

the errors of the source depletion model are only 10 20 percent.
Taking these perturbations on the model into account gives
rise to only slightly revised values of transfer ef ciency as shown in the
last column of Table 2.
The conclusions of Table 2 are signi cant for at least two
reasons: total mass transfer to the lake by dry deposition may be equal to
or greater than wet deposition; and trace metal transfer to the lake is

probably dominated by wetdeposition given the size dependence of trace
metal particles.
The rst point can be realized by noting the average mass

%
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distribution versus size in urban areas and the percentage of time that
precipitation occurs over the lake. The best data on mass distribution in
urban environments are reported by Whitby et a1. Using these data in
conjunction with the last two columns of Table 2, a minimum mass
transfer ef ciency of 12 percent by dry deposition in the warm season and

25 percent in the cold season can be expected.
Wet deposition will, of course, enhance overall deposition. A
rough estimate of wet deposition s maximum contribution assumes even a
trace rain observation to be suf cient to remove all particles within the
mixed layer. Unpublished work at the Great Lakes Environmental
Research Laboratory19 in conjunction with averages of trace rain observations at Midway concludes that maximum removal rain over southern
Lake Michigan occurs 10 percent of the time during the warm season and

19 percent of the time during the cold season. Both these values are less
than the minimum mass transfer ef ciency by dry deposition; thus dry
deposition may, in fact, contribute more mass to the lake than wet

deposition.

The question of trace metal transfer is of possible greater

interest. Because of the strong variation of trace metal particles with
particle size, trace metal transfer may be substantially less than overall
mass transfer. Although by no means complete, Lee and von Lehmden
have surveyed the literature to determine the size of trace metal particles in urban air. Given their conclusions, the transfer ef ciencies

versus size inTable 2 constrain most trace metals to 1 percent or less
transfer ef ciency. Iron and magnesium may have as much as 2 percent
transfer ef ciency in the cold season. Lead particles, having mass median
diameters of 0.2 pm to 1.43 pm, experience less than 0.2 percent dry
deposition transfer ef ciency. Thus the conclusion that trace metal
transfer to the lake is dominated by wet deposition. Table 3 summarizes
the conclusions.
The above model development serves two purposes. First, it
Table 3. Estimated Mass Transfer Efficiencies from the Chicago
Area Source to Southern Lake Michigan
Total Aerosol

Warm Season
Cold Season

Dry
2 12%
2 25%

Wet
s 10%
s 20%

Trace Metal

Dry

S 1%
Fe,Mg = 2%
Others 5 2%

Wet
(2 10%)
(3 20%)

See Slevering, H., 1975: Potential Loading of Lake Michigan by Airborne Particulate
Matter. Report for the Environmental Statement Project, Argonne National Laboratory,
Argonne, Illinois.
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points to areas of theoretical and experimental research in order to
specify the degree to which the air route contributes to large water-body
pollution. In particular, dry deposition appears to be a more important

mechanism for mass transfer than wet deposition. This conclusion war-

rants a thorough experimental investigation. Second, the model empha
sizes the need to consider particle size inany mass transport calculations.
This has been pointed out for trace metals and should be considered for
other potential water pollutants as well.
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Estimates of Wet and Dry Deposition
of Chicago and Northwest Indiana
Aerosols into Southern Lake
Michigan
Donald F. Gatz

Atmospheric Sciences Section, Illinois State Water Survey, Urbana,
Illinois
Two distinct approaches have been used in estimating atmospheric inputs of aerosols to lakes. In the rst, bulk
precipitation samplers were set out around the lake, the samples collected and analyzed. This approach measures the total atmospheric input.
The second approach is one of calculation, and has been
applied to the problem of determining inputs of pollutant aerosols to
lakes.
The calculation of pollutant aerosol input to Lake Michigan in
primarily the second approach, but uses measured wet
follows
paper
this
and dry deposition rates. These rates were measured at other locations,
but their use in this calculation illustrates a method that can now be used
as an estimate of atmospheric input and that could also be used with local
measurements to provide improved estimates.
Any estimate of the impact of increased power production
must be made in relation to present pollutant impacts on the lakes. This
paper reviews our knowledge of present conditions, provides a new
estimate of pollutant input, and suggests research to improve our understanding in the future.
Literature Review

Recent analyses of bottom sediments1 from the southern
basin of Lake Michigan indicate that some elements are concentrated in
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percent), and total P (6 percent to 14 percent). For Lake Michigan,

Murphy4 estimates that 20 percent to 33 percent of all inputs of total P
are via precipitation.
These measurements tell us the amounts of certain elements

that enter lakes via the atmosphere, but the relative contribution of

pollution sources and natural sources is not always clear. Furthermore, it
is of interest to ask what fractions of a given city s pollution aerosols
enter the lake. No one has measured atmospheric pollutant inputs
speci cally, but a number of estimates have been made.
Winchester and Nifong made the rst estimates of pollutant
inputs Via the atmosphere for any of the Great Lakes. In their work,
pollution source strengths were estimated for Chicago, Milwaukee, and
northwest Indiana. They used published data on production or consumption of materials, emission factors for particulate matter, and chemical

composition of emissions for several types of sources. From considera
tion of the frequency of wind direction, the probable height of emission,
and reasonable deposition velocities, a transfer ef ciency of at least 10
percent was estimated and applied to estimated emissions. Winchester
and Nifong concluded that Zn, and possibly Cu, Ni, and other pollutant
elements, may have signi cant atmospheric inputs to Lake Michigan.
Others have recently estimated the transfer ef ciency for
urban and industrial pollutants from the shores of southern Lake Michigan to be at least 20 percent and 25 percent,7 respectively.
Available estimates of pollutant inputs to Lake Michigan are
based on an admittedly crude emission inventory5 and estimates of
transfer ef ciency 7 that were based largely on assumed deposition
velocities of 1 cm/sec. Precipitation input has not been included in present
estimates, except in that it has been acknowledged as an additional
deposition mechanism.
The calculation that follows, while still crude, uses different
methods to provide results for comparison with earlier work. First, an

alternate emission inventory is calculated, based on observed elemental
concentrations in air. Secondly, calculations of both wet and dry deposi
tion are made, using measured deposition rates that vary with particle

Slze.

4-..; ..

between atmospheric and stream water inputs.
More than a decade ago, Gorham" pointed out that the atmosphere could provide signi cant amounts of ions to fresh waters.
Measurements" of dry deposition and precipitation input to
Lake Ontario have now identi ed several elements for which atmospheric
inputs are a signi cant fraction of Niagara River inputs. These include
Pb (16 percent to 41 percent of Niagara River input), Zn (58 percent to 85
percent), Ni (12 percent to 15 percent), inorganic N (13 percent to 14

J.

upper layers. This suggests pollution sources, but does not distinguish
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Calculation Procedure

Dry Deposition

This calculation was based on the deposition velocity concept,x

i.e., the deposition rate, D (g/m2 sec), and concentration in air near the

ground, x (g/m ), are related by the deposition velocity, Va (m/ sec), as
(1)
D = X . Va
f 011 ows :
To integrate Equation 1 over the lake, we need to express x as
a function of downwind distance x. Mean values over long (seasonal or
annual) periods were calculated for 221/2" sectors following Turner :

X _ __Q_
Luc gfg)

(2)

where Q is source strength (g/sec), L is mixing height (m), and u is wind
speed (m/ sec). Source strength was computed from measured concentrations in air, x, (g/m ), using

Q = X ULY

(3)

where y is the city diameter (m). This is readily visualized as the mass per
second passing through a vertical plane of height L and width y perpendicular to the wind at the downwind edge of a city. This method has been
used 1° to estimate elemental source strengths for St. Louis, where
external sources were removed using pairs of upwind and downwind
concentrations measured over short (12 hr) periods. Similar data are not

available for Chicago, but available concentration measurements, being

long-term means, will include data representing approximate upwind and
downwind conditions. Thus, the long-term mean may be taken as an
approximation of the upwind-downwind difference in concentrations.
Equation 1 was integrated over each 225/2o sector having a
trajectory over the lake, from the city to the far side of the southern
basin, after substituting of Equations 2 and 3 into Equation 1 and
accounting for the frequency11 with which winds carry pollutants into
each sector. Separate calculations were made for Chicago and northwest
Indiana, and the results combined. The calculation was made for the

winter half-year only, assuming that maximum dry deposition occurs
when the air over the lake is unstable from the lake being warmer than
the air. In summer, the lowest layer (about 100 m) of air above the lake is
often stabilized by conduction of heat to the relatively cool water. This is
expected to limit dry deposition by inhibiting vertical mixing of polluted
layers aloft. Lyons 2 has discussed this phenomenon. Summer dry deposition was taken as one-tenth that of winter.
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Wet Deposition

The basic concept for this calculation is that of the washout
ratio. Deposition, D (g) is given by

D =k-R-A

(4)

where k is the concentration of any element in precipitation
(ug/ ml = g/ m ), R is rainfall (m), and A is the area affected (m2). Use of
the washout ratio allows us to estimate k, from

(5)

where W is the washout ratio (dimensionless), x is the concentration in
air (Mg/m ), and p is the density of air (1200 g/m ).
To compute wet deposition for the winter half-year, Equation
5 was substituted into Equation 4, again using Equations 2 and 3 to give
the variation of x with x. Then Equation 4 was integrated over all
pertinent sectors after adjusting for the frequency 1 with which winter
winds carry pollutants to each sector during precipitation.
The same procedure was used for summer wet deposition,
except that under conditions of primarily convective precipitation, depo
sition in rain was assumed to occur only immediately downwind of source
areas. For this calculation, x was assumed constant and equal to
measured values in the city (x0). Areas assumed to be affected by summer
wet deposition were Chicago 1000km2 (40 km x 25 km), and northwest
Indiana 250 km2 (10 km X 25 km). Other input parameters are given in
the next section.
Input Parameters
Deposition velocities, washout ratios, and measured concentrations used in these calculations are given in Table 1. Deposition
velocities were chosen from the measurements of Cawse in the United
Kingdom. Values in the table enclosed in parentheses were estimated
from the relationship between particle size and V, shown by Cawse. The
particle size (MMD mass median diameter) of Cd was based on measurements made in Ann Arbor, Michigan.15 Sizes for Cu and Ni in Chicago
were taken from the measurements of Lee, et a1. Sizes for Ti were

based on the measurements of Nifong and Winchester.17
The underlined washout ratios in Table 1 were measured at
St. Louis. Others were estimated from their measured or assumed
MMD and the relationship between W and MMD shown by Gatz.
The data considered in choosing the values of x, are given in
the Appendix.
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Table 1.

Deposition Velocities (Vd), Washout Ratios (W), and Mea-

sured Concentrations in Air (x0) Used in Calculations

X.

ug/ "13

Va
Element

W

Chicago

1.3
0.22

375
110

1.5
0.02

2.0
0.005

0.50

150

0.02

0.04

g
E

3.5
0.10

6.0
0.3

0.06

Al
As

Cr

Cu

Fe
Mn

1.1
0.56

Ni

(0.45)

125

0.04

0.30

_76_

1.2

(1.0)

Ti
V

0.29

Zn

0.62

Chicago
L (m)
V (km)

4.6

100°
20

Indiana

4.6

1000
12

1.5

325

0.2

0.2

110

0.08

0.08

180

0.3

0.4

Table 2. Wind Speed (u), Mixing
Height (L), and City Diameter (y),
Values Used in Calculations
Nonhwest

0.2

0.14

140

(0.50)

Pb

0.02

0.01

125

(0.45)

Cd

u (m/sec)

Nw lnd.

cm/sec

Table 3. Seasonal Precipitation
Values for the Southern Basin of
Lake Michigan Used in the Calculatlons

Precipitation

seas

Spring
Summer

Total
Fall
Winter
Total

(" 4

8.75
8.50

17.25 = 0.44 m
8.25
5.75
14.00 = 0.36 m

The values of wind speed,19 mixing height, and city diameter
used in the calculations are given in Table 2.
Seasonal precipitation over the southern basin was estimated
from maps presented by Changnon20 and is given in Table 3.
Uncertainties

The major uncertainties in the data used in the calculations

lie in the source strengths and deposition parameters Vd and W. The
values of the deposition velocity are considered valid within a factor of
2 as measured, but a greater uncertainty comes from using them for a
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water surface. Washo'ut ratios are considered valid within a factor of 2

or less.

Source strengths for Chicago and northwest Indiana are

considered very uncertain at present, as the comparison between two

independent estimation methods in the next section shows. Values for
individual elements are probably valid only within a factor of 2 to 4.
Thus, the overall uncertainty in the present calculation of
deposition is large, but probably no worse than others currently

available. The main value
provide an independent
However, the calculation is
measurements are needed,

of the deposition results for now is to
estimate for comparison with others.
also useful in suggesting where improved
and its relative results (deposition as a

percent of emissions) should have greater reliability than the absolute

results.

Results and Discussion

Source strengths are included implicitly in the deposition
calculations, but it is worthwhile to compute them explicitly also, for
comparison with those of Winchester and Nifong.5 Table 4 shows
source strengths computed from Equation 3 for Chicago and northwest
Indiana in comparison to those of Winchester and Nifong. The latter
results are expected to be greater, because they include Milwaukee,
and because they should include large particles that deposit close to

Table 4.

l

Comparison of Source Strengths Computed in this Work

_, 1

with Those of Winchester and Nifong5

Computed Source Strengths (metric tons/yr)
Element
Al
As
Cd
Cr

Chicago
4,300
60
30
60

Northwest

Indiana

3,500
9
35
70

Total
7,800
69
65
130

Source Sirengm
Estimates of
Winchester &

Nifong-

45,000
44
12
100

Cu

400

350

750

3,200

Fe
Mn
Ni
Pb

12,000
300
100
3,500

1 0,000
500
100
2,600

22,000
800
200
6,100

86,000
4,600
1,000
2,200

Zn

870

690

1,560

3.900

Ti
V

580
230

350
140

' For Milwaukee, Chicago, and northwest Indiana

g

930
370

2,400
610

i:

,5

!
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be
their source. Such short-lived materials would, of course, not

measured as part of x...
My values are within i 50 percent of those of Winchester

limits for
and Nifong for 2 elements: Cr and V. They are below these
these
7 elements: Al, Cu, Fe, Mn, Ni, Ti, and Zn. They are above
'
Pb.
and
Cd,
As,
s:
element
3
ng
limits for the remaini

The rather large disparity in the two results illustrates the
high degree of uncertainty in current estimates of elemental source
strengths for the Chicago-northwest Indiana area, at least for some
elements. It also shows that accurate estimates of atmospheric aerosol
the
inputs to the lake will require improved emission inventories of
elements.

Annual inputs to the
computed for the
basin
rn
southe
presented in this
data
and
method
paper are given in Table 5'
Amounts range from 2.6 metric
tons/yr for As to 2320 metric
tons/yr for Fe. As percentages of

Table 5. Results of Wet and Dry
Deposmon calcu'ations

emissions, the atmospheric inputs
range from 3 percent for Pb to 15
percent for A1. It is notable that
the percent of-emissions values

Element
N
A5
Cd

Chicago and

increase

northwest Indiana

directly

with

particle

size: small particle Pb amounts to
3 percent while percentages of
10-15 percent were found for Al,
Fe, and Ti, usually found 1 on
larger particles. This result is
expected from the direct
relationship between particle size

Total deposition

memo

0"

c
Fe
Mn
Ni
Pb
Ti
v
Zn

T/yr
1190
2.5
3.2

7-3

43
232°
79
11
200
12°
15
110

% of

Dry o/.

emissions of total
53
15
39
4
53
5

5

6
1°
10
6
3
13
4

7

52

53
59
33
54
56
51
46
53

and both Va and W, but it is

important to point out
nevertheless.
Table 5 also shows that wet and dry depositions of most
elements were found nearly equal.
Lake deposition from the atmosphere must be compared to
other inputs to establish its signi cance. Table 6 presents the input
estimates of this paper, together with those of Winchester and Nifong,5
Robbins et al.,6 and Skibin,7 where the transfer ef ciencies of the latter
two have been applied to the emission inventory of Winchester and
Nifong. For comparison, Table 6 also gives the soluble tributary inputs
measured by Robbins et al.,6 or estimated by Winchester and Nifong.

-A
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Atmospheric inputs are judged to be very important for the purposes of
this comparison if they equal (or nearly so) the soluble stream input.
These values are underlined in the table. The atmospheric inputs consist
of an unknown fraction of material soluble in lake water, but it is the
soluble fraction that has the most effect on lake water quality.
Table 6. Comparison of Estimated Atmospheric Inputs and Stream
Water Inputs (metric tons/year)

Element
AI

Winchester
& Nifong'
T = 10%
4500

Robbins
et al.T = 20%
9,000

Skibin'
T = 25%
mi

As

4.4

8.8

Cd

11.0

1.2

2.4

3.0

Cr

Cu

10

3_2_g

20

egg

Fe

162

m

Ni

100

200

Mn

Pb
Ti
v
Zn

46_o

23
2.42
e
310

92_o

42
410
12
12

25

82

This
work
1190
2.6
3.2
7.3

43

Whole lake
soluble
tributary
inputs

13,000c
655
170

140

21,500

233

1,460

250

11

510

E5

5m
a0
12

9A)

79

222
12
22
110

l

470

10°C
100°
29c
180

' Estimated atmospheric input computed from emissions of Winchester & Nifong,5 plus
transfer efficiency (T) shown.
bRobbins et al.6 except as noted.
cWinchester 81 Nifong,5 using data of Turekian.

The calculation carried out in this paper yields the fewest
elements having very important atmospheric contributions, using the
criterion just stated: Fe, Pb, Ti, and V. The results of Winchester and
Nifong, for a uniform transfer ef ciency of 10 percent, and their inde-

pendent emission inventory, show Cu, Fe, Mn, Pb, Ti, V, and Zn to be

very important. To these elements, the use of transfer ef ciencies of 20
percent and 25 percent adds, respectively, 0 and 1 element to the very
important category, based on Winchester and Nifong s emission inventory.

Thus, all calculations agree that atmospheric inputs of Fe, Pb,
Ti, and V are probably signi cant with respect to stream inputs. All
estimates but this one also nd Cu, Mn, and Zn inputs signi cant.

,
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The impact of increased coal burning for energy production on

atmospheric inputs to the Great Lakes will depend upon the amount and

particle size of the airborne ef uent. If additions to the present elemental
emissions can be specified as to particle size, the present calculations
method can be used to provide a rst estimate of atmospheric input to the
lakes, or at least a relative measure of their importance. We already
know in generalzz that many of the more toxic trace elements in coal are
mobilized 0n the smallest particle sizes, perhaps through a vapor con-

densation mechanism. This means that the impact of these materials on
the lakes will be less than proportional to the increase in aerosol concentrations due to greater coal combustion. This is true because both wet
and dry deposition rates appear to decrease with decreasing particle size.
As already pointed out the primary hazard from these additional
aerosols may be related to inhalation.

Better estimates of the impact of atmospheric input of pollu~
tant aerosols to the Great Lakes must await the following:
(1) better estimates of emissions of individual elements
(2)

better characterization of elemental size distributions

and solubilities
(3) measurements of VI for water surfaces, especially as a
.function of atmospheric stability

(4) further measurements of W for various precipitation
types, in all seasons.
Conclusions

All available results suggest that atmospheric inputs of pollutant aerosols are important at least for Fe, Pb, Ti, and V.
The deposition estimates made in this paper suggest the
following:
(1) that annual wet and dry depositions are approximately
equal

(2) between 3 and 15 percent of elemental emissions from
Chicago and northwest Indiana enter the lake, depending on the element
(3) the fraction of emissions to be deposited in the lake
increases with particle size.
Because the additional emissions from increased coal burning

will be mainly onrelatively small particles, their impact on the lake will
be less than proportional to the extra mass released.
Better estimates of atmospheric inputs and their impacts on
lakes must await more dependable elemental emissions inventories and
better measurements of aerosol characteristics and deposition parame
ters. Many of the needed measurements can be done with present
techniques.
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Appendix

The data considered in choosing x.,, and the values selected
(composite model) are given in Tables A 1 and A 2 for Chicago and
northwest Indiana, respectively (pp. 287, 288).
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Table A 1.

Concentrations of Elements in Chicago Aerosols, ug/m3

Harrison and
Winchester23
968

NASNn

Brar et al

1966

1968

1967

0.03

0.01

0.003
0.03

0.005
0.09

Fe

2.6

2.4

M"

0.45

0.08
0.029
1.6
0.01

2.7
0.08
0.031
1.2
0.02

0.048

0.059

Ni
Pb
Ti

0.015

0.182

2.5

V

Zn

CASN 0

1970-1971

0.017

0.018

c"
CU

1969

1.5

A1

As

Cd

1968

0.024

0.062

1.7

1.1

0.008
0.023
0.13

0.015
0.016
0.12

4.3
0.09
0.033
1.6

4.0
0.12
0.051
1.6
0.02
0.096

0.14
3.3
0.10
1.2

0.65

Composite
model

(1.5)
0.02
0.01
0.02
0.14

3.5
0.10
0.04
1.2
(0.2)'
0.08

(0.3)~

National Air Surveillance Network s
Year 01 observation.

cChicago Air Sampling Network.

Arsenic measured September to December 1971,

onl .
tions due to limPayrentheses indicate considerable uncertainty in model concentra

'

ited number of measurements.
'Estlmated from St: Louis clata. o NASN data for these elements are not reliable.
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Table A-2.

Concentrations of Elements in Northwest Indiana Aero-

sols, ug/m3
NASNa

Harrison and
Winchester23
1968

Pb
Ti
V
Zn

1969

0.014

1966

2.2

1.8

0.00
0.002
0.07
2.4
0.09
0.014
0.8
0.185 0.00
0.0084 0.017
0.5
0.44

0.043
0.80
5.83
0.175
< 0.019

East Chicago

Hammond

1.96
0.005

Al
As
Cd
Cr
Cu
Fe
Mn
Ni

Harrison
et al.29

1967

1968

1969

1966

1967

1968

1969

Composite
model

(2.0)=
(0.005)
0.01
0.010
0.18
3.7
0.16
0.026
1.2
0.02
0.034
0.7

0.011
0.019
0.11
5.5
4.6
0.13 0.24
0.020 0.029
1.2
0.93
0.05
0.048

0.01
0.014
0.15
4.0
0.12
0.036
1.0
0.02
0.042
1.5

0.01
0.018
0.18
4.3
0.15
0.035
1.2
0.02
0.050
1.0

0.007
0.037
0.31
8.1
0.19
0.056
1.1

0.028
0.064
0.27
9.9
0.35
0.104
2.6
0.10
0.115

0.02
0.04
0.2
6.0
0.3
0.06
1.5
(0.2)d
0.08
(0.4)6

* National Air Surveillance Network.ms
1 Year of observation.
C Parentheses indicate considerable uncertainty in model concentrations due to limited number of measurements.
° Estimated from Harrison, et al.29 only. NASN data for these elements are not reliable.
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The importance of nutrient loadings to aquatic systems has
long been recognized in classical limnology and occupies a
prominent position in all standard texts in the science. The importance of
the atmosphere as a source of nutrient or other material loading to such
systems has not, however, received signi cant attention until recently.
Vollenweider1 has presented an analysis of the potential importance of
atmospheric contribution and has shown that it can have particular
impact on lakes where upstream supplies are small and where the natural
Surface has its origin in essentially igneous geologic formations. The
early studies in relation to the atmospheric loading source have been well

summarized by Gorham. Z
The atmospheric contribution appears as both wet and dry

deposition of material on the water surfaces. The literature is large in

relation to the chemistry of precipitation, and air pollution problems have
focused attention on the dry particulate concentrations of the atmosphere
as well. This paper will not review these elds as excellent reviews are
available.3
The present study of atmospheric contribution to the material
loading of the upper Great Lakes is the follow-up to a similar study
conducted by the International Lake Erie Lake Ontario Water Pollution

Board.4 The results obtained have beenreported by Shiomi and Kuntz,5
who also summarize prior studies conducted in the Great Lakes Basin.
This work discussed the probable signi cance of the atmosphere as a
materials source for the lower lakes and gave an indication of the possible
impact expected on the upper Great Lakes.
s Great
Following the signing of the Canada-United State
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Lakes Water Quality Agreement in 1972, the governments of the two
nations requested that the International Joint Commission undertake a

comprehensive study of Lake Superior, Lake Huron, and their connecting waters. In response to this request, an Upper Lakes Reference
Group was established. Their mission was to develop a program of study
of pollution problems of Lake Huron and Lake Superior." A section of
this study was directed toward designation of the sources and characteristics of materials inputs to the lake systems. Atmospheric contributions were a recognized portion of the investigation. This paper summarizes the program which was developed. The experimental measurement
phase is now nearing completion. The research is a coordinated effort of
many scientists from several organizations. Recognition will be given to
different contributions and only results published by the original investigator will be included.
Water Budgets of the Upper Great Lakes

An understanding of the relative importance of the atmos
to the chemical balance of the upper Great Lakes
contribution
pheric
Huron) requires a brief examination of the water
and
(Lakes Superior
budget of these lakes.
Figure 1 (from Rodgers ) shows the relative water supply
factors for each of the Great Lakes. Examination of the Lake Superior
factors shows that the land precipitation less evaporation gives an in ow
value of 58,000 cfs, while the direct precipitation on the lake surface
amounts to 68,000 cfs. The direct precipitation exceeds the in ow and
constitutes 54 percent of the lake water supply.
For Lake Huron, the basin land precipitation less evaporation
amounts to 50,000 cfs while the lake precipitation is 54,000 cfs. However,
123,000 cfs ows in from upstream lakes. The direct precipitation,
therefore, accounts for only 24 percent of the water supply to Lake
Huron.
Similar reasoning shows that direct precipitation accounts for
only 11 percent of the Lake Erie water supply. Lake Michigan, which is
also considered a headwater lake, receives 53 percent of its water supply
by direct precipitation.
The contribution of materials to the lake will not of necessity

be in direct proportion to the water supply, but will depend as well on the
relative materials concentration in the water from different sources.
However, if it is assumed that the ratio of concentration of in ow water

to precipitation is similar in both cases, the materials contribution from
precipitation will comprise a much higher proportion of total load to the
headwater lakes than to the lower lakes. These considerations have made
the determination of the atmospheric loading to the upper lakes an
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important issue in the International Joint Commission (IJC) Reference
Program.
Upper Lakes Atmospheric Loading Program

Program Rationale
The goals of the research program are the estimation of

magnitude and distribution of materials loading to the lake surfaces; and
determination and designation of the sources of these materials. The
program consists of an experimental measurement program and development of an atmospheric emission, transport, and deposition model.
The experimental measurement program includes a precipitation sampling netw0rk and other specialized measurements aimed
toward documentation of over lake atmospheric deposition and collection
of information needed for model veri cation. The program results will
hopefully result in an experimental estimate and model prediction of
atmospheric loading to the lake. The model will permit extrapolation of
the loading estimates into future years.
Precipitation Sampler Network

The network of measurement stations employed in the IJC
Upper Lakes Program is shown in Figure 2. This network has been
developed and operated by the agencies identi ed in the gure and with
cooperation and assistance of many volunteer individuals and other
agencies. It will be observed that the network constitutes a coverage of
the shorelines of Lake Superior and Huron in an attempt to obtain
measurements representative of the atmospheric deposition on those
lake surfaces. The network was expanded from stations originally
operated by Kramer9 and others by Shiomi5 beginning in 1970. Stations
were added during 1973 and the total network has been operational since
early 1974. Closely associated programs are operational in the lower
Lake Huron and Lake Michigan areas.10
The goal of the measurement program is to specify, as ac
curately as possible, the atmospheric deposition on the lake surfaces and
to provide observational data for model veri cation. It is thus essential
that the measurements do not re ect local sources that may not in uence
adjacent lake areas signi cantly. Exposure sites were chosen with great
care and are typically rural or park locations distant from excessive
activity and industry. This factor does, however, remain of primary
concern in interpretation of resulting data.11
To evaluate the accuracy of land stations to specify over-lake
deposition, samplers were installed on three buoys in Lake Huron and

operated on research vessels operating on the lakes. These samplers have
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given signi cant amounts of data and will continue to operate during the
1975 season.

Three stations, designated by triangles in Figure 2, have been

intended for more intensive measurements. At these stations, atmos-

pheric deposition is separated into wet and dry components on an event
basis. High volume atmospheric particulate samplers are operated in
conjunction with meteorological measurements of associated importance.
Rainfall quantity and rate are also measured. The event sampler stations
are operated by Acres Consulting Services and Earth Science Consultants (ESC) under contract.
Sampler Description and Evaluation
In a survey covering the large geographical area of Lakes
Superior and Huron and having the goal of obtaining an estimate of both
precipitation and dry deposition on the lake surface, it is an obvious fact
that sampling to achieve signi cance in results will be a serious problem.
Accurate rainfall measurements alone remain a serious sampling problem
to meteorologists without the compounding complications of measuring
the material constituents of the precipitation.
The basic network of samplers are of the continuously open
type to collect both precipitation and dry deposition. Such collectors are
generally referred to as bulk precipitation samplers. Three variations
of such collectors are in operation in the network.
The rst, a funnel-and-bottle type, is widely used around the
world and has been recommended by the World Meteorological Organi
zation (WMO).l2 This type collector, shown in Figure 3, is employed by
the Canada Centre for Inland Waters (CCIW) for rain collection but is
ineffective for snow. Dry deposition collected in the funnel between rain
events is washed into the storage bottle through a coarse lter. The
storage container is in a dark box and is heated to prevent freezing. The
lter prevents large particles from entering the sample but allows
subsequent rain to wash and leach soluble material into the sample.
The second type, shown in Figure 4, is the continuously open
deep cylinder similar to a standard rain gage. The cylinder, usually of
metal, is lined with polyethylene and collects snow with greater ef ciency than the funnel. A wind shield of the Nipher or Alter type is
employed to give greater collection ef ciency. This sampler also collects
rain with equal ef ciency, but evaporation losses are serious and largeparticle contamination is often signi cant during summer months. CCIW
employs this type sampler during the snow season.
The third type is a modi cation of the second. For rain season
use, the plastic liner is restricted to a small opening toward the bottom
where the container is housed. An inert screen is also employed. In the
snow season, the restriction is removed. McMaster University and
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Michigan Water Resources Commission employ variations of this technique.
Samplers of the three types are exposed at the network
stations, the CCIW stations having both rain and snow types. All
samples are collected over a calendar month and are, therefore, an
integrated accumulation of material over the collector opening for that
period. The collected samples are either transferred to containers, or the
collector bottle itself used as a container, to transport the sample to the
laboratory for analysis.
The three event stations employ a type three sampler, but
they are also equipped with a sampler to differentiate between wet and
dry deposition. This sampler, designed by Earth Science Consultants

(ESC) is shown in Figure 5. A bonnet covers the wet sampler except

during precipitation occurrence when it rotates to cover the dry sampler.

4J
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Figure 5. Wet-and-Dry Deposition Sampler (courtesy of Earth
Science Consultants)

Both wet and dry samples are collected on an event basis as related to the
onset or termination of precipitation. Wet precipitation-only samplers
are also operated at the Atmospheric Environment Service (AES) sta
tions.
The buoy mounted collectors, shown in Figure 6, are modi
cations of the funnel and-bottle types. Three funnels are exposed about 4
metres above the surface on a surface-following buoy and within an Alter
type wind screen. Collected water and dry materials are transferred to

storage bottles through plastic tubing.
Collectors of the type employed in this program have wellrecognized de ciencies. Preliminary data collected in the present CCIW
network and that collected previously by Shiomi5 have been examined
critically by Matheson. 1 The large variance in the data examined made
any rm conclusions dif cult, but three important factors were indicated:
(1) Both collectors failed to give accurate measure of the
rain volume as compared to standard rain gages.
(2) The pyrex wool lter used in the rain collector produced
Signi cant contamination of silica, sodium, magnesium, and chloride.

(3) The rain sampler collects signi cantly less material in the
Causes and sources of sample contamination were also
season.
snow

examined and certain stations shown to be strongly in uenced by local

conditions.
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Precipitation Samplers on a Lake Surface Buoy

In View of these de ciencies, a precipitation sampler compar
ison project is being conducted by AES at their Meteorological Research
Station near Woodbridge, Ontario. Thirteen samplers are operated in a
eld situation and results will be subjected to statistical intercomparison.
The array of thirteen samplers consists of three Wong precipitation
samplers, three Finnish precipitation samplers, three CCIW standpipe
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samplers, one Misco precipitation sampler, and three funnel-and-bottle
samplers.

Goals of the program are to evaluate the comparison of

samplers with respect to evaporation losses and contamination, and the
effect of sampling on a monthly (total and precipitation only), event, and
cumulative event basis. Results of this project have not yet been pub
lished.

Chemical Analysis of Collected Samples
Analysis of the chemical composition of collected samples is
accomplished on a priority basis; the entire analysis is conducted if
suf cient sample is available. The following depicts the priority ranking
of the analysis:
T = Total (by digestion)
K = Kjeldahl
F = Filtered through 0.45}; cellulose lter
1.

2.
3.
4.
5.
6.
7.

(a)

(b)
(C)
(d)

Cl, Conductivity, pH, SO,1 (F)

TP, TFP (Soluble Reactive Phosphorus in Event
samples only)
NH3 (F) (N03 (F) + N02 0 »
Sl02 (F)

Ca (F), Mg (F), Na (F), K (F)
TKN
Cu (F), Fe (F), Ni (F), Pb (F), Cd (F), Zn (F)
FKN
_
Cu (T), Fe (T), Ni (T), Pb (T), Cd (T), Zn (T)
Alkalinity

Analysis is done by four laboratories, CCIW, AES, McMaster
University, and EPA-Grosse Ile. Methods are standardized to the extent
possible and interlaboratory exchange samples are analyzed for control
purposes. Dual samplers are also operated at two stations to provide
additional evidence for methods intercomparison.
All data are accumulated in a central le and periodic listings
are returned to all participating agencies. The data are, therefore,
available for independent examination and analysis by several groups,
although primary analysis is contracted to Acres Consulting Services and
Earth Science Consultants.
Preliminary Findings

Matheson11 has evaluated preliminary measurements available from the CCIW stations during 1973. Consideration was given to
factors which in uence the quality of data obtained from a bulk sampler

V
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network; evaluation of preliminary data to obtain early estimates of
loading; and justi cation of extrapolation of land-based data to estimate
over-lake loading.
Table 1 is a listing of parameters, in terms of loading, as
measured at Gore Bay, Manitoulin Island. The rst obvious conclusion is
the very wide range of measured values. This large variance is inherent
in the nature of the phenomena being measured. Precipitation in any one
month may be expected to have a coef cient of variation of 50 percent or
more. Other factors such as contamination of the sample or variable

in uences of local sources may also account for extreme values. It can
easily be shown that such dataare not normally distributed. If log
transform statistics are employed, more meaningful values are obtained.
In the actual network, one sampler must be assumed to
represent a very large area. It is, therefore, essential to have some
estimates of the signi cance which can be placed on a given sample. The
experiment presently being conducted by AES will give further insight
into this problem. However, some preliminary results of samples from
two adjacent samplers operated at CCIW are available. Table 2 shows
comparison of 12-18 sample pairs for analysis of several parameters. For
the common ions, the mean difference between pairs is small, 5 percent or
less, indicating that the sample replication was good. If individual samples are examined, large discrepancies are found. One pair of phosphate

Table 1. Comparison of Normal and Log-Transformed Data (Station
23, Gore Bay, mg/mz/mo) (from Matheson )
Log-transformed

Normal

Parameter

Arith.
Mean Median

8.0.

Observed
Range

Geom.
Mean

TPO,
NO3
NH,
HCOa

1 1.6
45.9
35.4
292.0

44
2.01
41 .76 20.1
15.12 59.0
197.3 364.8

.3 259
17 95
1 .5 246
0 1472

2.75
42.10
18.17
179.5

Ca
Mg
Na
K
S0.
CI

1 43
25.3
73.4
19.0
270
34.7

1 26
21 .6
56.4
8.8
260
20.5

103
20.9
59.0
26.7
1 38
42.5

0 434
0 116
3.6-265
.8 152
23 675
2 225

1 16.8
22.4
53.0
10.8
233
23.1

Pb
Cu
Fe
Zn
Cd

.66
2.64
1.54
3.70
.05

.23
.20
.64
2.09
.03

1 .1
6.7
2.1
6.2
.07

0-5.6
0 30
.06 7.9
0 37
0 .31

.25
.23
.53
1.84
.10

Range
(i 1 G.SD)

Range
(: 2 6.30)

.78 9.7
26.6-66.7
6.1 54.1
52.9-608.0

.22 34
1 6.8-105.6
2.1-160.8
15.6 2057

54.6 250
12.7-40
21 .0 1 33
3.9 30
125.0-433
9.9 54

25.5 534
7.2 70
8.4 334
1 .4-85
67.4 804
4.2 1 26

.07 .9
.08 .7
.11 2.4
.7 4.5
.03-.33

.02-3.2
.03-2.0
.02 11.1
.3 1 1.1
.01 1 .12
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Comparison of Replicate Rain Samplers
Mean

Parameter

Chloride
Sulfate
Na
K
Mg
Ca
TPO.
PO.
N03
NH.
Sio2
Ni (pg/I)
Cd
Zn
Fe
Cu
Pb

Difference?

Worst Pair

Y

X

%

Y

X

11.2
10.7
7.42
.454
1.16
6.27

11.45
10.5
7.30
.431
1.22
5.97

2.2%
1.9
1.6
4.5
5.0
5.0

4.4
14.8
.75
.280
.60
8.0

11.9
12.1
1.40
.530
1.40
4.0

.054
.028
1.53
.566
4.32

.069
.035
1.69
.595
4.34

.043
.005
2.80
.023
8.00

.300
.135
5.25
.885
.66

3.0
.76
60.6
22.4
4.5
6.1

2.1
.75
78.2
11.4
3.9
4.8

24.
22.
10.
5.
0.5
35.
1.3
25.
64.
14.
11.

14.0
.0
184.
48.
16.
7.0

2.0
1.0
52.
2.0
6.0
1.0

Ratio

1:

2.6
1.2
1.9
1.9
2.3
2.0
3.7
27.
1.9
38.
12.0
7.0
3.5
12.
2.7
7.

(Comparison of pair of identical samplers at one station (05); 12 18 pairs for each
parameter. X = sampler SB; Y = sampler 5. Concentrations in mg/l, except for trace
metals, pug/l).

1 Difference between means of X and Y expressed as a percentage of the average of
the 2 means (From Matheson ).

values show a ratio of 1 to 27. This indicates that little con dence can be
placed in any single measurement from a given station of the bulk type
sampler. Multiple subsidiary stations would increase con dence, but such
multiplicity is usually not feasible. Interpretation of such sampler results
must be made with much caution.
Data available prior to 1974 have beenevaluated by Matheson to obtain early estimates of importance of the atmospheric component of lakes loading. Nitrogen is an important constituent of atmospheric loading because it is a major nutrient required for algae growth.
Because of its complex reactions, changes in form should be expected
from source to point of deposition and after collection. Nitrate plus
nitrite and ammonia have beenanalyzed, but are grouped as inorganic
nitrogen for early consideration. Figure 7 shows mean areal deposition
rates observed at stations adjacent to each of the Great Lakes. It will be
noted that the industrial and intensively cultivated area of Lake Erie
shows values roughly twice that of the Lake Superior region.
Phosphorus deposition measured at the same stations is
shown in Figure 8. The stations shown as dashed bars are island stations
which show a de nite indication of sample contamination by either direct
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or indirect contamination by birds. The values obtained (contaminated
samples excluded) show close agreement with those reported by Likens

of 2.4 mg/mz/mo for clean

_i ,
: '

samples or 2.1 mg/mz/mo reported by

Murphyno

;

ii

The above estimates are all based on measurements made at
land stations and may well be questioned as not representative of
deposition on the lake surface. During June 1973, eighteen samples of
rain were obtained on research vessels operating on Lake Superior. An
attempt to compare these samples with monthly average samples ob

i

tained around the lake perimeter was made. The results are shown in

Figure 9. The results are inconclusive, but they show a strong in uence
of particulate contamination in the land station data. The ship measurements are of precipitation only and do not contain the contribution of dry

,

deposition. The portion of dry deposition which arises from local sources

near the land stations must be evaluated from more lake-land comparison
data. Ship and buoy-collected data from 1974 may give more de nite
indications when analyzed.
A very tentative estimate of the importance of the atmos-

l

pheric input to the total loading of the Great Lakes has been made.

I

Tributary loading estimates have a wide range of variability and are
presently in process of reexamination by the IJ C. If one accepts loading
estimates presented by Upchurch15 and the values presented in Figures 8
and 9 for atmospheric loading, one may estimate the percentage of
atmospheric contribution to the total load. The results of this comparison
are shown in Figure 10. These results are not presented in tabular form

l
:

nor are numerical values given because of the very tentative basis for the

_

estimates. They do, however, indicate that a signi cant portion of
materials loading to the upper lakes has its pathway through the atmosphere.
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Atmospheric Effects of Waste Heat
Discharges into a Large Lake
James E. Carson
Environmental Statement Project (ESP), Argonne National
Laboratory, Argonne, Illinois
Concern for aquatic biota has led to a series of regulatory
actions which will probably prohibit the use of once-through cooling for
power plants. This ban is being proposed for all power plants, including
those on very large water bodies, such as the Great Lakes and oceans.
These actions are being made even though alternate cooling systems
(such as cooling towers and cooling lakes) create their own set of
environmental impacts, are usually more expensive to build and
operate, and have alower thermal ef ciency and thus use more fuel to
create each unit of energy.
This paper deals primarily with the atmospheric e ects of
once-through cooling on a large lake, such as Lake Michigan. Calculations show that the amount of heat entering the lake from power plants is
very small compared to natural heat transfer processes, and is also
small compared to year to-year variations of sunshine, air and water
temperature, etc. Except for a change in fogginess over the thermal
outfall, it is expected that atmospheric modi cations from once-through
cooling will be very small and insigni cant, as the energy will enter the
atmosphere slowly over a very large area. The reactor heat will warm the
lake a very small part of one degree, and will operate to increase lake
snows slightly. In any event, the meteorological and climatological
changes will be very hard to isolate in the noise of natural variability of
weather elements.
Because alternate cooling systems release large amounts of
heat in water vapor from relatively small areas and at the same rate as
generated, they have a much greater potential to create local weather
changes. The environmental impact of cooling towers and cooling lakes
will also be discussed brie y.
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From a meteorological point of view, once-through cooling on
a large water body is to be preferred over either cooling towers or cooling
ponds. Because of the large heat capacity of the take, this heat rejection
procedure will not cause any signi cant changes in the weather and
climate of the area.

An Environmental Impact Statement (EIS) is a legal document whose primary function is to provide factual
information on the environmental impact of the proposed installation
(and alternative plant designs and sites) to licensing and regulatory
agencies, who use this information in their decision-making roles. The
key word to be considered in writing a section of an EIS is impact rather
than effect; how the plant will affect people, fauna, ora, and the
environment is more important than processes. Thus, it is not suf cient
to only predict the frequency, extent, and severity of a specific event
(such as fogging and icing from a mechanical-draft cooling tower); some
effort must be made to estimate how these changes will affect people,
traf c, ora, etc., usually a much more dif cult problem. The atmospheric effects of a cooling system depend primarily on the type of cooling
system selected and local climate; its impact will be controlled to a
considerable degree by the height of release of the ef uents and the
location of the cooling device with respect to roads, homes, trees, etc.

Atmospheric Effects of Once-Through Cooling

Fossil-fueled power plants totaling 8,070 MW(e) using oncethrough cooling are presently operating on Lake Michigan.1 Oncethrough nuclear plants with a capacity of 5,825 MW(e) are now in use or
are being constructed. All of these (including a 700 MW(e) nuclear unit
now using cooling towers) were originally designed for once-through
cooling. Recent actions of the Environmental Protection Agency may
force some of these plants to use alternate cooling techniques, such as
cooling towers or cooling ponds?3
Two scales of weather changes can be expected from thermal
discharges into Lake Michigan: local changes due to increased heat and
moisture uxes over the thermal plume itself and large-scale modi cations due to the accumulation of heat energy in the main water body.
Local Weather Changes
Heat and water vapor are added to the atmosphere whenever
cold air moves from the land over the lake surface. Due to the local
temperature excess, more heat will enter the atmosphere from the
thermal plume than from the main lake surface. Thus, air with a

g
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trajectory over a thermal plume will be somewhat warmer, more humid,
and less stable because of thermal discharges. Observations con rm that
an increase in the frequency and density of steam fog over the immediate
plume area is the primary observable effect of thermal discharges into
large water bodies. It should be pointed out that natural steam fog is a
common occurrence over open bodies of water in fall and winter in the

Great Lakes R egion.4
Large-Scale Effects

It has been argued that thermal discharge from power plants
would also modify the overall climate of an area. This is based on the
assumption that heat will be mixed into the main body of the lake, raising
its temperature a small fraction of one degree rt Some of the energy
added in summer would be stored until the fall cooling period is reached;
increased evaporation and conduction could then increase the intensity
and frequency of lake snows in late fall. However, it does not necessarily
follow that the increase in lake snows would be directly proportional to
the extra heat discharge; even a small increase in water temperature
could be just suf cient to release an atmospheric instability. The amount
of heat discharged by power plants is much too small to cause measurable
air temperature changes on the lake shore.
Some appreciation of the relative improbability of a signi
cant large-scale weather modi cation by waste heat from nuclear power

stations on Lake Michigan can be obtained by comparing the amounts of
heat involved in power generation with those quantities involved with
natural meteorological processesf
The following assumptions, all conservative (that is, yielding
a maximum value for the meteorological change being considered), were
used in the following calculations:
(a) Each reactor is operated at full capacity all year.
(b) The thermal ef ciency of the plant is 33 percent, and all
of the waste heat enters the lake (in nuclear power plants, about 5
percent of the energy is lost to the atmosphere inside the plant).
(c) Only one heat dissipation process operates at a time.
(d) Nuclear plants with a 5825 MW(e) capacity will be on
line.
Data on the volume, surface area, and other features of Lake
Michigan are listed in the Appendix.
Annual Temperature Rise
A quantitative estimate of the amount of temperature rise
possible in Lake Michigan because of nuclear waste heat can be obtained

Atmospheric E ects of Waste Heat Discharges
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from the following simple calculation. A nominal plant year, de ned
as a

1000 MW(e) nuclear plant operated at full capacity, genera
tes 1.5 x 1016

calories of waste heat per year. If we assume that all of this energy
stays
in the lake (that is, there are no losses to the atmosphere by evapora
tion,
radiation, or conduction), the temperature increase in a completely mixed
lake is only 0.0033°C. For 5825 MW(e), the warming is 0.019°C. Both
values are two orders of magnitude smaller than the observed year-toyear temperature variations in Lake Michigan.7 This calculation represents an upper limit of the ability of power plants to warm the lake, since
zero heat losses to the atmosphere were assumed. Longtin,6 using a
model which allows for heat losses to the atmosphere, has concluded that
the thermal input from all power facilities on the lake is crudely
estimated to be 0.028°C. Asbury,1 using a similar but more re ned
model, states that the average annual temperature of the lake will
increase only 0.0045°C due to reject heat from 5825 MW(e) nuclear
plants.
A more realistic assumption for the heat distribution within
the lake is that the energy is con ned to the epilimnion. If it is assumed
that all of the reactor heat generated by the four large nuclear reactors
(Zion and Cook plants) located in the southern end of Lake Michigan

(4220 MW(e)) during the 6-month summer season is con ned to a layer 20
m deep in the southern basin (about 1/3 of the area) of the lake, the
temperature rise is 0.082°C.5 These calculations show that the warming
of Lake Michigan, while unidirectional, is much too small to change
measurably the average air temperature along its shore.
Evaporation

If all of the reactor heat (5825 MW(e)) were dissipated by

evaporation, the additional water loss from the lake would be 4.73 m3/sec

(167 cfs), or an evaporation ux of 0.26 cm/yr (0.10 in/yr). This is less than
0.4 percent of the average natural evaporation rate of about 76 cm/yr.5
The heat transfer rate of the natural evaporation (76 cm/yr) corresponds

to the heat loss from nuclear plants totaling 1,730,000 MW(e), showing

again that man s heat burden on the lake is trivial compared to nature s.

Change of Heat Storage from Year to Year
Lake Michigan has a natural temperature resetting mechanism. It is observed that the lake mixes each spring and fall as a result of
the unique change in the density of water with temperature at +4°C. As
a result of this mixing, the lake is vertically isothermal at this temperature twice per year, and the heat content of the lake is reset to this datum
level twice annually. Thus, Lake Michigan will not store nuclear heat
from one year to the next. What will happen is that the time of the fall
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mixing will be delayed, the time of the spring mixing advanced, and the
average water temperature in both winter and summer will be increased
slightly. Church reports that the heat lost to the atmosphere during the
fall mixing period averages about 300 cal/cmZ/day. Over the entire area of
the lake, this amounts to 1.74 X 10 cal/day. Nuclear plants with
5825 MW(e) capacity generate 8.7 x 101 cal/year. It would appear that
the change in the time of mixing will be on the order of one day, or much
less than the observed natural variability, about one month. Church
measured daily heat losses to the atmosphere as large as 600 cal/cmz/day,
or 3.5 X 1017 cal/day over the entire lake.

Church reports that the annual heat budget of the south
basin of Lake Michigan is 52,000 cal/cm? That is, this amount of energy is
absorbed during the summer and returned to the atmosphere the following winter. If all of the reactor heat were used in a similar manner,
the extra annual heat exchange would be (from 5825 MW(e)) 151 cal/cmz.

For comparison, the observed average daily solar energy received at
Argonne (near Chicago) is 348 cal/cmZ/day.9 In December, the month

with the least insolation, the average is 135 units. Argonne sunshine data
show a heat input of about 800 cal/cm2 on a clear day in June, and about
300 units on a clear day in December. Very cloudy days in June can
receive as little as 80 units, and only 1 unit in December,9 but these are

record single days in a 15 year period. If all of the heat energy from 5825
MW(e) reactors operating at capacity for a full year were stored in the
water and released during one day, the extra heat ux would be 151
cal/cm? This value is equivalent to a few extra hours of clear skies in
summer, and is less than one additional clear day in winter, and is also
small compared to year to year variations in cloudiness in the area.
Atmospheric E ects of Alternate Cooling Systems

As a result of both shortages of cooling water and regulatory
actions, the present trend in power plant construction is to use
closed-cycle cooling methods, such as wet cooling towers, dry towers,
cooling ponds, and spray canals. Since evaporative systems add large
quantities of heat and water vapor to the atmosphere from limited areas
per unit of time (the heat and vapor ux densities from cooling towers are
about three orders of magnitude greater than for once through cooling
ponds), they have a much greater potential to alter local weather condi
tions than a once-through system. For a given meteorological condition,
the size of the visible plume will be roughly inversely proportional to the
area of release; the impact of the plume is also controlled by the height of
release.
Cooling towers and spray canals must be large enough to
dissipate the waste heat as fast as it is generated, even on the hottest
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days. Wet cooling systems do not eliminate the need for an intake

structure to supply water to replace that lost by evaporation, drift, and

blowdown. They reduce but do not eliminate thermal discharges (blowdown) into water bodies; chemical discharges in the blowdown are
increased both in amounts and concentration. 1 Alternate cooling methods
are more expensive to build and operate than are once-through systems;
however, other factors, such as the freedom to locate the plant on small

water sources nearer to the load center or fuel supply, reduce the

economic penalty especially for plants designed for other than once-

through cooling. 12
The recent literature contains a large number of papers on the
environmental impact of alternate cooling systems. Unfortunately, only a
few of these are based by observations at operating power plants. Among

the more comprehensive reports are Cooling Tower Environment
1974, ERDA Report Conf. 740302, 1975; the July
1974
issue of Atmos-

pheric Environment ( fteen papers on experience with natural-draft
cooling towers in Great Britain); Cooling Towers, Amer. Inst. of
Chemical Engineers, 1972; Dry and Wet/Dry Cooling Towers for Power

Plants, Amer. Soc. of Mechanical Engineers, HTD Vol. 6, 1973; and
Chapter 8 of the Cooling Tower Institute Manual (in press).

Natural-Draft Cooling Towers
Most reports dealing with the meteorological consequences of
natural-draft cooling towers state that they have the potential to cause
ground-level fogging and icing; observations at towers indicated that this
rarely, if ever, occurs. "13'27 The warm, moist plume enters the atmosphere at heights of 100 m or more, and either evaporates or merges with
a natural cloud layer before reaching ground level. Photographs taken at
cooling tower sites sometimes show ground level fog completely separate
from the rising plume from the towers. 24 The surface fog is caused by
natural processes, such as nocturnal radiation; the rivers and reservoirs
used to supply makeup water to the towers may aid in its formation.
In an unpublished report,19 the Central Electricity Generating
Board of Great Britain reported its ndings 0n the environmental effects
of cooling towers. No measurable change in relative humidity was
detected downwind. The visible plume sometimes persisted for a number
of miles downwind, altering sunshine in the area. No drizzle was observed from the towers. The Board reported that cumulus clouds were
sometimes formed but that no cases of showers or precipitation being

generated by the plumes have been observed. More recent observations
in England, -23 Switzerland,27 and in the U.S.A. °"3 18~24 con rm these
conclusions.
A small fraction of the cooling water (about 0.005 percent or
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less) is entrained in the air leaving the towers. These water drops, which
contain whatever chemicals are present in the circulating water, are
called drift. Experience at such towers indicates that the fallout of water
and chemicals under most weather conditions is too small to be felt or
measured, and that no environmental problems are created. - *M 'ZT The
visible plume from a cooling tower is in fact an arti cial cloud. The extra
heat and water vapor does, under proper meteorological conditions,
create cumulus clouds. Aynsleylh' has observed that cooling tower plumes
can, if meteorological conditions are proper, create cumulus clouds. He
concludes that this is a rare occurrence, and that these man-made clouds

only precede natural cloud formation. Experience in England indicates
that natural-draft cooling towers do create clouds but not precipitation_ 1923,25

Experience with natural-draft cooling here and in England
indicate that the only signi cant atmospheric impact is the generation of
long plumes that remain aloft, and that the massive structures and
plumes are generally aesthetically displeasing.20
Mechanical-Draft Cooling Towers

Mechanical-draft cooling towers have several advantages

over natural draft units: lower capital costs, greater control over cold
water temperatures, smaller approach, greater cooling range, and
greater exibility in use. These towers, because of their low release level
(20 30 m) and more rapid entrainment, do cause ground-level fog. Also,
the saturation de cit is usually lower near the ground. Therefore, more
attention must be paid to site selection to minimize fog over highways,
etc.

Although wet mechanical-draft towers have been used to cool
power plants for decades, there is very little quantitative data available
on the water droplet plumes which they generate, and even fewer
references to any signi cant adverse impacts due to their operation.
Several studies have reported light, friable rime icing from cooling tower
operation. There are no known reports of severe icing on adjacent roads
or structures as the result of the operation of modern mechanical draft
cooling towers. The primary cause of surface fogging and icing near
mechanical draft cooling towers is aerodynamic downwash, which brings
the plume to the ground very near the tower. A recent study 29 of the
plumes from the Oak Ridge, Tennessee, induced-draft towers (about
2000 MW(t)) indicates that during a seven-month period (December 1972
through June 1973), downwash was observed on 65 percent of all days

(photos taken during the afternoon) and occurred whenever the Wind
speed was more than 3 m/sec and Wind direction was more than 10° from
the long axis of the towers. This fog either evaporated completely 01'

J.
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lifted due to its buoyancy once it escaped the tower cavity region, or

;

about 100 meters downwind. The greatest distance over which fog was
Observed at Oak Ridge was 0.5 km.29 The drift rate for towers equipped
with modern drift eliminators is about 0.008 percent; most of the drift
droplets that do fall to the surface will do so within 1000 ft. of the
towers.30 The visible plume from a cooling tower is a cloud. Hanna28
reports that, on rainy days, the plume sometimes forms a stratus type

L

cloud that may extend for tens of kilometers below the natural overcast

layer, and that a cumulus cloud is sometimes formed in the updraft
created by a cooling tower plume after the initial plume has evaporated
completely. In the Oak Ridge study, it was concluded that some form of
cloud development was initiated on 10 percent of all days. W9
Experience has shown that wet cooling towers are effective,
economical cooling systems that, on the proper location, do not cause
signi cant environmental problems. They do have the highest probability
of local fogging and icing of all wet cloud-cycle cooling systems.
Cooling Ponds
In areas where suf cient

at land is available at moderate

(farmland) prices, the cooling pond is an effective and economical cooling
alternative. The primary environmental impact (other than land use) is
the steam fog that forms over and near the pond. Observations at
operating cooling ponds indicate that this team fog either evaporates or
lifts within a short distance (a few hundred meters) from the edge of the
waterf'vmvalv32 The rime ice that forms on vertical surfaces near the pond is
too light and friable to cause structural damage. Since cooling ponds have
the largest area of release of heat and water vapor of the alternate
cooling systems, they have the lowest probability of surface fogging or
extended plumes (except for natural draft towers).

,

I

,

;
I

Spray Canals
In a spray system, pumps are used to send the heated water
into the air to increase the area of contact between air and water. As with
cooling ponds, the primary impact is steam fog over the sprays, and
fogging and icing near the canals. In both system, an exclusion area of a
few hundred meters is suf cient to mitigate the effects of steam fog and

icing.32 Since canals reduce the area of heat and moisture transfer
(compared to ponds), their potential to create fog is greater than that of
ponds, but is less than that for mechanical-draft cooling towers.

3. ; (I.

Dry Cooling Towers

g

It is frequently stated that dry towers, either of the natural-

(3531'
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or mechanical-draft type, would have little if any atmospheric effects.13-33~34 However, the possibility that the updraft from such a tower
could release an existing atmospheric convective instability and create
showers, thunderstorms, and severe storms exists. A cloud physicist
recently stated At this time, for example, it is not evident whether a dry
or wet tower plume is more likely to initiate clouds with a given rate of
energy discharge to the atmosphere? Hanna and Gifford36 found the
probability of cloud formation due to a dry-tower plume was nearly the
same as that for a wet cooling tower, if other factors (heat discharge rate,
atmospheric conditions) were equal. It should be noted that the waste
heat from a plant using dry cooling is larger than that of a plant of the
same capacity using wet cooling. Observations of cloud building and
possible shower production by dry towers are needed.
Energy Parks

Energy parks, a large number of electrical generating stations in a limited geographical area, are now being proposed as a solution
to the energy problem. Energy centers with capacities of about 5000
MW(e) are being constructed; a nuclear complex of forty 1200 MW(e)
nuclear reactors, each with a single natural-draft cooling tower, is being
considered.
The state of the art in atmospheric modeling and understanding is such that meteorologists are not able to predict quantitatively
how the atmosphere will react to the large amounts of heat energy and
water vapor that it will be forced to absorb from small areas as the result
of the disposal of waste heat from power plants via cooling towers.
Conceivably, critical heat release rates may exist which, when exceeded,
may lead to signi cant meteorological effects, such as the generation of
thunderstorms and severe storms in convectively unstable, subtropical
conditions. 3'3 v3 v37 The possibility of such inadvertent weather modi ca
tions should be examined very carefully before any energy parks are
constructed.
Summary and Conclusions

The amount of heat energy contained in the cooling water
from the large nuclear power stations is small compared to the natural
heat processes. Since the heat energy from plants with once through

cooling systems will enter the atmosphere slowly over a large area,
changes in weather will be small and impossible to isolate in the natural
variability of weather elements. An exception will be an increase of
steam fog in fall and winter at the point of discharge.
Alternate wet cooling systems are effective heat sinks which
reduce the impact of thermal discharges on major water bodies. Since

A
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these cooling systems release large amounts of heat on water vapor from
relatively small areas at the same rate as generated, they have a much
greater potential to create local weather changes. For an isolated site
such as that required for the exclusion area of a nuclear plant, these
changes are rather localized and usually acceptable. Much care should be
given to cooling site location so that the fog and icing do not seriously
restrict road tra ic, structures, etc. From a meteorologist s point of
view, once-through cooling on a large water body is to be preferred over
either cooling towers and cooling ponds. Because of the large heat
capacity of the lake, this heat rejection procedure will not cause any
signi cant changes in the weather and climate of the area.
Appendix

The following data for Lake Michigan were used:
Area
= 22,400 sq mi = 6.25 x 1012 sq ft
= 5.80 X 10 km2 = 5.80 X 1014cm2
Volume

= 1.64 X 1014ft3 = 1.23 X 10 gal = 1116 mi3
= 4,652 km3 = 4.652 x 108 cm3

Mass

2 1.02 x 1016 lb
= 4.65 x 101 g

Average
depth
= 276 ft = 81.4 m
Out ow

= 40 to 55 X 10 cfs (1133 to 1560 mg/sec) into Lake
Huron

= 3.2 X 10 cfs into the Mississippi River Basin (19
m3/sec)
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Atmospheric Transport and Removal
Processes Workshop
ANL Staff, Atmospheric Physics Section, Radiological and
Environmental Research Division, Argonne National Laboratory,
Argonne, Illinois
The simple model developed by Gillani and Husar emphasizes the importance of several parameters, including the
height of pollutant emission and the magnitude of the vertical diffusivity
in the mixed layer of the atmosphere. Surface uxes of sulfate aerosol
are inferred from the computed concentrations of 802. These concentrations are found to agree fairly well with measurements made during one
day of the Regional Air Pollution Study (RAPS) of 1973. However, it has

been pointed out that several important factors are neglected, including
the effects of precipitation scavenging, rainfall and cloud pH, wind shear,
and humidity. A large number of approximations included in the model,
while conceptually unpalatable in some respects, seem permissible since
the roles of various parameters are made suf ciently clear for rede nition in terms of improved knowledge at a later date. At this stage,
however, the very simplicity of the model is probably an advantage.
Since data suf cient in kind and quantity for complete veri cation are not
often available, detailed mesoscale models are seldom justi ed.
The complexities of the lakeshore atmospheric environment
are well illustrated by photographs made of the behavior of plumes from
nearshore industrial smoke stacks, as presented by Lyons and Keen.
Lake breeze circulations frequently occur, sometimes penetrating as far
as 25 km inland. A good gross parameterization of the lake environment
is needed. In summer, an important factor appears to be the existence of
a cold dome

over the lakes, essentially decoupling air aloft from the

water below and markedly reducing dry deposition to the surface.
A number of areas of considerable uncertainty in the analysis

Of air-water transfer processes were identi ed by Hess and Hicks. For
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example, the familiar Pasquill stability classi cations are not appropriate
over water. Furthermore, in evaluating stability regimes over water

surfaces, the role of the buoyancy effects of water vapor must be
included. The illustrative examples of the importance of atmospheric
stability to the transfer processes over large lakes, presented by Hess
and Hicks, refer to only two points near the upwind and downwind shores
of Lake Michigan. The rates of air mass (and hence stability) modi cation

across the lake required for a complete description of surface deposition
rates are not known.
The paper presented by Liss addresses the particular case of
gas exchange at the surface of the Great Lakes. Since the pH of water in
the Great Lakes is between 8.0 and 8.4, the uptake of SOB is primarily
limited by the gas phase resistance to transfer; considerably more acidic
conditions would be required for any signi cant limitation in the liquid
phase. The model presented by Liss is recognized to be a simpli cation;
for instance the enhanced mixing effects of surface waves are ignored.
However, the treatment given is intended for use primarily in the
general predictive sense, or for large-scale budget assessment, Where
accuracies of the order of a factor of two are usually suf cient. The model
also ignores the roles of surface lms. In fact, experiments have shown
that a continuous lm covering more than 30 percent of the surface must
exist before a signi cant effect on the transfer process can be detected. If
lm surface tensions are similar to those of uncontaminated water, it is

possible that large areas of a lake surface could be covered by patches of
locally continuous surface lm, with the gas transfer properties of the
surface remaining largely unaltered.
Discussion of Volchok s presentation concerning measurements of radionuclide deposition rates over water pointed to the possible
importance of runoff to the oceans, and presumably to the Great Lakes.
From the point of view of explaining the apparent disparity in the global
Sr 90 budget, however, runoff appears to be a relatively minor compo

nent. Experimental techniques for differentiating between wet and dry
deposition were discussed in some detail. Some sources of error asso-

ciated with such measurements are the contamination of samples by
splashing from nearby surfaces and the modi cation of the air ow due to

the presence of the sampling apparatus. These effects have not been
quanti ed, but some intercomparisons of equipment have been made and
further tests of this kind should be undertaken.
Carson s description of the relative effects of different
methods of waste heat dissipation led to discussion of the limited bases on
which decisions regarding these matters are sometimes made. For the
least effect upon the physical environment near the Great Lakes, the
adoption of once through cooling of industrial heat exchangers appears
preferable to alternatives such as towers. However, current regulations

J
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requiring negligible in uence upon aquatic biota are forcing the use of
more cooling towers. At present, most waste industrial heat is not
economically useable, but in the future it might be necessary to utilize

more of it. Further studies of the feasibility of utilizing low-grade heat
Should be considered, especially since the waste heat discharged to the
Great Lakes, and eventually to the atmosphere, from typical industrial
installations is considerably more concentrated than in the case of some

of the oceanic thermal energy sources presently being contemplated.
The model describing the input of air borne pollutants to Lake
Michigan presented by Sievering and Williams was based upon wind
information obtained at Midway Airport, near Chicago. The errors
involved in applying onshore data of this kind to open lake circulation
problems are well appreciated. Other restrictive assumptions include
those made regarding the vertical diffusivity, the height of emission of
pollutants, the depth of the atmospheric mixing layer, and the dependence of deposition velocity upon particle size. In particular, the particle
size distribution relevant to speci c trace metal emissions is not well
known.
The model presented by Gatz, similar in some respects to that
of Sievering and Williams, again points to the need to know Whether toxic
contaminants are associated with large or small particles. Moreover, it
may be necessary to know whether or not they are soluble. 0n the basis
of presently available information, it appears that, on the average, wet
and dry deposition processes over Lake Michigan are of about equal
importance.
Results obtained at the Canadian Centre for Inland Waters,

as summarized by Elder, suggest that buoys are suitable platforms for
the collection of samples for the determination of pollutant concentrations over the Great Lakes. However, the use of buoys to obtain
information on precipitation over open waters poses many problems and
cannot be recommended. Information on total precipitation over the
Great Lakes remains one of the principal unknowns in the assessment of
mass, energy, or air-borne pollutant budgets.
Recommendations for Further Research

Considerable discussion centered around the requirements of
numerical modelers for better information concerning the basic transport
and deposition processes over open water. At present, it appears qmte
justi ed to label much of what is considered knowledge to be in reality

Speculation . The panel discussion was assisted by the remarks of people

from several research groups actively involved in Great Lakes air-borne
pollution assessment projects. In summary, the most important areas for
future research identi ed during this workshop are as follows:
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(1) Better information is required regarding the chemical
and physical properties of air-borne pollutants and their present background levels. Representative emission inventories of nearby source
regions are required. These should be classi ed according to the toxicity
of each component, the relative ease with which each can be measured,

and the size distribution of the associated atmospheric particles. In the
case of gaseous emissions, rates of chemical transformation in the atmosphere over the Great Lakes must be determined. Moreover, characterizations of source emissions should take into account such important
factors as the height of emission, and the exhaust velocity and tempera
ture.

(2) The climatology of the Great Lakes requires further
study, particularly in the case of Lake Michigan. Appropriate seasonal
categories are needed, since for long periods of the year the atmosphere
over the water is either continuously stable or continuously unstable.
Long-term studies should be made of the precipitation patterns over the
Great Lakes, and speci cally of how precipitation amounts over water
compare with data obtained at shore stations. This is of considerable
importance, since there is evidence suggesting that there may be about
20 percent more precipitation over the Great Lakes in Winter, relative to
coastal observations, and about 6 percent less in summer. Tracks of
storms across the Great Lakes should be examined with a View toward
improving predictions of wet deposition rates relative to the locations of
speci c sources of contaminants. Present programs observing surface
temperatures over the upper Great Lakes at regular intervals, using
air borne infrared sensors, should be extended to Lake Michigan.
(3) Transport models should include some method for es
timating the rates at which the structure of the lower atmosphere adjusts
as the air moves from land to water surfaces. Parameterization procedures must be developed for incorporating realistic descriptions of the
vertical and horizontal mixing rates in numerical models, especially since
these may be substantially different from values suitable for use over
land in similar conditions. Investigations should be made of the relevance
of the various alternative atmospheric stability characterization schemes,
particularly since the use of the Pasquill classi cation scheme is not
relevant to a lake environment. Any stability classi cation method used
must include the effects of water vapor buoyancy.
(4) Experimental determinations of the deposition velocity
of particles to water surfaces are needed, as a function of particle size
and meteorological parameters. Attempts should be made to compare the
empirical evaluations thus acquired with the predictions of classical
micrometeorological mixing length theory. Since the height of pollutant
concentration observation is an important variable in the cases of gaseous
and small particulate deposition, the height of measurements should be
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standardized: a level between 2 and 5 m above the water surface is
suggested. Experimental determinations of deposition velocity should be
supported by adequate meteorological measurements, so that results
obtained may be extrapolated to other circumstances. A minimum set of
such observations would include measurements of wind speed, actual
water surface temperature (e.g. by infrared thermometry), air temperature and humidity, and the height of observation. In many circumstances it appears desirable that the turbulent deposition rate be considered independently from the gravitational settling rate. Gaseous transfer
can be treated in much the same way as that of small particles when
solubilities in the liquid phase are high.
(5) It is necessary to parameterize the wet deposition processes, especially in situations other than convective, warm rainfall. The
relative ef ciency of these processes should be determined as functions of
pollutant particle size and of the chemical properties of the species of
interest.
In comparison to this rather formidable list of problem areas,
it is of interest to identify those matters with which we can associate
some certainty. It is clear that in some circumstances the Great Lakes
protect themselves from contamination by air-borne gases and small
particles by the formation of a stably strati ed cold dome of overlying
air, thus decreasing atmospheric turbulent exchange rates near the
surface. In this regard, it appears that many of the predictions of surface
uxes of contaminants made in the past are indeed gross overestimates
during stable conditions. However, it is well known that total atmospheric inputs of some species of pollutants in all conditions remain highly
important. In this category fall lead, zinc, nitrogen and phosphorus
compounds, and pesticides.
Concluding workshop discussions concerned experimental
methods that might be employed in studies of some of the more well
de ned problem areas. In particular, tracer ratio experiments (e.g.,
nondepositing Freon vs. radioactively tagged sulfur dioxide) were suggested as a possible means of determining surface deposition rates. The
study of planetary boundary layer structure by instrumented aircraft at
strategic locations over particular lakes was put forward as a possible

means of addressing some of the mesoscale atmospheric transport problems. Indirect probing of the atmosphere, using microwave, optical, and
acoustic techniques, is a method that may well prove useful in over-lake
applications.

g- M -7 arrea y mas .

Summary, ATRP Workshop

W}
"
»

AQUATIC

TRANSPORT
AND REMOVAL

PROCESSES WORKSHOP
~ "Pa-«n. - My.wm~.~.

ue-um...

a:

J

326 D. N. Edgington

Summary of the Recommendations of

the Aquatic Transport and Removal
Processes Workshop
D. N. Edgington
Chairman, Argonne National Laboratory, Argonne, Illinois

The purpose of this workshop was to make an attempt to
de ne the present state of knowledge regarding transport and removal of materials in the Laurentian Great Lakes and to make
recommendations regarding the direction and requirements of future
research. During the planning stages there was considerable discussion
regarding whether this workshop should discuss the problems related to
the
the transport and removal of heat in the lakes (thermal effects). Since

major problems to be solved for the understanding of these processes are
those associated with engineering design of outfalls and the testing of
various mathematical models to de ne the area of in uence of thermal
plumes, it was decided that coverage of these topics, which have been
adequately covered elsewhere, would tend to overshadow the discussions
of the more dif cult problems involved with the chemical and biological
processes.

Therefore the presentations and discussions in this part of the
workshop were con ned to topics related to the transport and removal of
inorganic and organic materials in the lakes.
In order to assess the risks associated with potential undesir
able inputs into the Great Lakes, there are a great number of parameters
that must be studied which will involve multidisciplinary approaches to
the problem. The biologists, chemists, meteorologists, physical limnologists, and toxicologists must therefore cooperate in the planning and
execution of all aspects of the research. The diversity of the problem is
obvious when it is realized that in order to make a reasonable assessment,
the following environmental characteristics and properties must be
known for each component.
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The rst requirement is a knowledge of the distribution and
magnitude of the sources. This will involve the cataloging of anthropogenic production rates and releases, de nition of dispersion mechanisms,
and the determination of the relative magnitude of uxes from each
source in relation to natural uxes, via atmospheric or aquatic routes.
Once the ux of a potential pollutant to the aquatic system is
understood, it is necessary to determine its potential persistence in the
environment. This will be determined by the stability of the chemical
compound involved and its residence time in the water column, organ

i

7

isms, and sediments.

At the same time it is necessary to ascertain the toxicity of
each potential pollutant, either from direct input or as a result of
chemical transformation within the aquatic system, with respect to
aquatic organisms and man.
The biological part of the system is important not only as the
main receptor of the effects of pollutants, but also as a major mechanism
in the actual transport and removal of pollutants from the lakes. Therefore it is necessary to study the processes of bioaccumulation, to determine whether organisms play an active or passive role, to calculate
concentration factors, and to evaluate involvement in biochemical reac

tions, e.g., the substitution of arsenic for phosphorus. It will also be
necessary to evaluate the possibility of pollutants enhancing or retarding
the metabolic activity of certain organisms which could have long-term
effects on the balance of the ecosystems.
There is a wide variety of chemical changes which can affect
the transport, removal, and persistence of pollutants in the aquatic
system. The dispersion of pollutants may be affected by physical and
chemical prOperties such as volatility; absorption properties; ability to
form complexes with organic or inorganic complexing agents that may be
soluble or particulate; and ability to form insoluble compounds, like
oxides or sul des. The association with or formation of insoluble partic
ulates is an important mode of removal from the water column to the
sediments, but transformation reactions may also occur in the water
column or in the sediments which may make them more soluble or
available again. Diagenetic reactions in the sediments involving chemical
change or bacterial action may also return pollutants to the water
column.
Pollutants may be removed from the water column by ushing from the system (not a very ef cient method for the upper Great
Lakes because of the long residence time of water), by transport to the
sediments and subsequent burial by newer sediment, or by chemical

transformation to a non-toxic species. The first two of these are the most

important, and they are highly dependent on the physical properties of
the lakes. Therefore, studies of the role of nearshore and offshore

,
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currents have to be taken into account, both in regard to dispersion of
local pollution sources and in regard to sediment transport and resuspension.
The workshop on aquatic transport and removal processes has
considered these factors and reached the following conclusions and
recommendations on the studies covering the environmental effects of
energy production and conversion on the Great Lakes.
While there is, at present, scattered knowledge concerning
the distribution of a few known or potential energy related pollutants in
the environment, the number of possible contaminants that should be
evaluated may be as large as several thousand, many of them being
organics associated with oil production and coal gasi cation.
Therefore, before this workshop can recommend speci c details in relation to future work in terms of transport in the aquatic
environment, it will be necessary to attempt to identify the most signi cant pollutants in relation to their toxicity and concentration in the Great
Lakes ecosystem.
The workshop attempted to delineate speci c pollutants as a
focus for its discussions, but came to the conclusion that at the present
time it is dif cult to identify any one pollutant associated with increased
energy production that should be studied in detail, other than radioactivity.
The only main environmental concern with respect to radioactivity is not routine releases, but the possibility of predicting the
long-term effects of a major release due to equipment failure. Therefore,
studies of plutonium, americium, and the long-lived ssion products
should be carried out in all of the lakes and not just Lake Michigan, so
that the sinks may be fully delineated. This is particularly important for
Lake Huron, where the Canadians will be building a nuclear power
park.
The main conclusions of this panel are that in order to imple
ment any meaningful scienti c program to assess the behavior of potential or known pollutants in the Great Lakes, the following steps must be
taken:
(1) A mechanism should be set up for which we can set
priorities and coordinate research in the US. and Canada. Such a
structure might be the I.J.C.
(2) A few elements and/or compounds should be identi ed as
those of major interest for detailed study. These could be either those
which have known health or toxic effects in the ecosystem such as
mercury or lead, or those representative of groups of elements or
compounds which are potential pollutants of concern (either because of
known toxicity or large sources) and whose properties suggest that they

Ll.
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may have widely differing behaviors in the lakes, e.g., conservative and
non-conservative pollutants.
(3) Geographical areas for detailed study should be iden-

ti ed. They should be related to known elevated concentrations of

pollutants; potential or actual locations of energy related activities; and
areas with special physical, chemical, or biological characteristics.
(4) Since the objectives of these studies Will be to obtain a
greater understanding of the processes which govern the transport and
removal of pollutants in the aquatic part of the ecosystem, scienti c
models and a predictive capability should be developed to assess the
following:
(a) the siting and density of energy conversion facilities
around the Great Lakes
(b) the effects of alternate strategies in relation to energy
conversion and environmental effects

(c)

the carrying capacity for expended energy use

(d)

the environmental impact.

Therefore, conceptual pathways for the various classes of
pollutants should be de ned in the planning stage of these coordinated
studies.
(5) There is a need to recognize that many of the present
chemical-biological analytic techniques are inadequate in terms of speciation sensitivity to study many of the potential pollutants in the aquatic
ecosystem; therefore, increased support will be needed to develop adequate techniques.
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Assessing Air Pollution Particulate

Fallout Potential for Water Pollution
in Lake Michigan
John W. Winchester
Department of Oceanography, Florida State University, Tallahassee,
Florida
To validate a predictive model for assessing pollution aerosol
data
' fallout as a source of water pollution in Lake Michigan, su icient
size
e
particl
to
are needed to establish average composition with respect
as
well
as
and time and to estimate rates of clear air deposition,
ion
activat
precipitation scavenging, onto the lake surface. Neutron
al
analysis has provided preliminary data adequate to indicate potenti
importance of the problem. Proton-induced X ray emission (PIXE)
provides the additional sensitivity and speed of analysis for a broad
range of elements in atmospheric particulate matter needed to provide a
large enough data base for a quantitative predictive model.
he general assumption that air pollution particulate fallout
from the Chicago area may be an important source of
heavy metal water pollution in Lake Michigan can be easily made. -3
However, a detailed examination of the evidence for any speci c substance requires documentation of pollution source strength as a function
of aerosol particle size; a meteorological model for the dispersion of
particulate matter in the direction of the lake and its deposition onto the
lake surface under a variety of meteorological conditions; and knowledge
of natural atmospheric and land runoff sources of the substance in order
to evaluate the pollution impact over natural levels in the lake. We now
have enough basic understanding of the composition of atmospheric
particulate matter in urban and remote regions and data on particle
deposition velocities over water to construct a mathematical model as a

Particulate Fallout in Lake Michigan

331

framework for feasible experiments to give this detailed examination
of
speci c substances. Combined with good data on inputs to the
lake by
rivers and runoff from land, it should be possible in a relatively short
time
to arrive at quantitative judgments concerning the import
ance of fallout

in the Lake Michigan region.
The Problem

In principle, the most straightforward way to predic
t the
impact of atmospheric fallout on water quality is to determine
the
atmospheric pollution emission rate and combine this with a predict
ive
model for fallout. At best, however, calculations of emissio
ns over

an

urban scale are crude and lead only to approximate lower limits of
actual
emissions. Some sources, for which data are not available, may be
important for certain substances, and emissions as a function of
particle
size cannot be reliably predicted from the available emissio
n inventory

data for the major pollution sources.
It appears to be experimentally more feasible to determine
the average composition of atmospheric particulate matter in the urban

area and to compare this with the best evidence for the natural
atmos
pheric composition, such as by the use of data for remote regions.
The

Chicago area has been the site for studies of the elemental composition of
suspended particulate matter collected on lters over 24-hour periods at
numerous locations over the city. v5v6v7 The data have been examined for
interelement correlations and for correspondence with emission rates
from major sources.8

The total atmospheric loading of the urban aerosol is a combination of pollution derived material and the natural constituents

characteristic of the region. The natural composition, however, must be

measured with as great care as that given to the measurement of urban
air composition. Several elements of pollution interest are found to exist
in much higher concentrations in remote continental atmospheres 110 and
in polar and marine locations ? than can be explained by simple dispersion of soil dust or sea spray. These high concentrations exist presumably
because of natural source enhancement through biological or other proc
esses or because of long atmospheric residence time caused, for example, by particle size or other effects which may limit the rate of
deposition to the earth s surface. These causes are still speculative, but
the fact of anomalous atmospheric concentrations for Hg, Se, As, Sb, In,

Zn, Cd, and Cu appears to be well established. Efforts to model the
elemental composition of the urban aerosol by material balance of natural
and pollution sources 3' must take account of these anomalies.
The rate of deposition of aerosol particles onto water has not
been measured precisely, but both laboratory15 and eld 16 studies of
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deposition rates as a function of particle size indicate that deposition
rates are higher at higher wind speeds, especially for larger particles.
Extensions of both the laboratory experiments, using arti cial particle
tracers, and the eld experiments, where the associations of elements in
different size fractions of the natural aerosol are used as a tracer, may
provide the values of deposition parameters needed in an aerosol fallout
model. Because of the possibility that all important factors may not be
simulated accurately in laboratory experiments, it would seem that eld
experiments should be given higher priority, provided that they can be
demonstrated to lead to the desired quanti cation of particle deposition
rates as a function of particle size. These experiments should require
sampling, elemental analysis, and interpretive techniques similar to
those used for studies of composition of urban and remote areas.
A nal evaluation of the importance of aerosol fallout to lake
water quality also requires a good knowledge of waterborne trace metal
uxes. Early studies of halogens in the Great Lakes 17" have shown that a
material balance for a large lake system can be achieved if adequate data
are available for the major atmospheric and surface water sources.
However, water chemical properties of halogens are simpler than those
of many nutrient trace metals which may contain suspended particulate
species.3 For heavy metals, water transport by both dissolved and
suspended chemical forms must be considered. Lack of reliable water
chemistry information has up to the present been a limitation on determining waterborne trace metals uxes to Lake Michigan. The techniques
for acquiring this information, however, are available.
An Approach to a Solution

In order to arrive at a predictive model for aerosol fallout as a
source of water pollution in Lake Michigan, considerable high quality
data on the trace metal contents of aerosol particles must be acquired. By
use of neutron activation analysis, very high quality measurements of
atmospheric concentrations can be made,19 and the ability to carry out
measurements at low concentrations has led to a breakthrough in documenting the variations with particle size?0 Nevertheless, the total
amount of data we have today for the Chicago area and Lake Michigan is
still insuf cient for formulation of an adequate predictive model. Neutron
activation analysis is a slow procedure, and attempts to make it rapid
often sacri ce sensitivity. Moreover, certain elements of considerable
environmental interest, e.g., S and Pb, are not readily determined by
activation analysis.
Since 1970 we have seen striking improvements in X ray
uorescence for multi element analysis of atmospheric particulate matter
and other environmental samples. The variant PIXE, proton-induced

l

Particulate Fallout z n Lake Michigan

333

X ray emission, " v="'-34 is especially promising for studies of aerosol composition as a function of particle size. In this procedure, a low-energy
proton beam of a particle accelerator is used as the exciting source, and

X-rays are detected by a solid-state energy dispersive detector. The
technique is sensitive in the nanogram range for elements from sulfur to
bromine as well as several heavier elements including lead. Air volumes
of 0.1 to 10 m are optimum for ground level sampling in urban and
remote regions, and particle size fractionation to 0.25 am diameter is

possible using cascade impactors operating at 1 liter/min. air ow rate.
Time sequence lter sampling is simply performed by using a Nucleopore
lter strip and a clock-driven sucking ori cef which produces a streak of
sample that can be analyzed stepwise, requiring 2 minutes of analysis
time per step by use of a collimated 4 MeV proton beam and automated

handling devices. In our conventional model, a single streak represents
168 hours (one week) of sampling time, and this can be analyzed 84 times
in 3 hours with 2-hour sampling resolution. The basic technique can also
be extended by PESA, proton elastic scattering analysis, where the
detection of scattered 16 MeV protons permits resolution of elements

from Li to C1 in the same samples. 3"*27-2*-29
Considerable information concerning atmospheric transformatiOn and transport can be obtained from adequate data sets of elemental concentrations as a function of particle size. " Our applications of
the PIXE technique to studies of coastal 32 and marine air16 has been
useful in evaluating data from urban atmospheres. 34 One striking ob
servation for St. Louis is the near natural levels observed for several
metals, even in the city center. If this is true for Chicago, then the
signi cance of pollution aerosol fallout as a source of water pollution in
Lake Michigan may be much less than previously estimated. A shortterm study of the Chicago area, similar to those already carried out in St.
Louis, may provide a valuable initial assessment of this possibility. Then
elements shown to be enhanced markedly above background estimates
may be identi ed for intensive further study.
A strategy for a study of aerosol fallout onto Lake Michigan
may include the following eld investigations:
(1) A survey of aerosol elemental composition with respect
to particle size and time at a number of locations over the Chicago
metropolitan area. Intensive sampling periods of 2 4 weeks duration,
scheduled once each season over the course of one year, may provide an
adequate data base.
(2) A survey of aerosol elemental composition at selected
remote continental stations in North America, carried out in similar

fashion.

(3) A study of aerosol elemental composition from a platform over Lake Michigan (or a ship) under a variety of weather condi-
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tions. The data would be studied for evidence that elements characteristic of land sources are depleted in the atmospheric boundary layer to a
greater extent under turbulent conditions.
From this information, approximate average particle deposi
tion velocities may be calculated. Each of these measurements may not

require more than a few days of sampling time but should be carried out

repeatedly throughout the year, preferably at times during which urban
air sampling is performed, so as to permit estimation of year-round
average deposition rates. The measurements may also be supplemented
by eld experiments to determine ef ciencies of precipitation scavenging,
which may add signi cantly to clear air deposition rates.
In this strategy, emphasis has been placed on documenting
the transport of trace elements to the water surface, because the

elements can be measured with great sensitivity and precision so as to
indicate variations in deposition rates with particle size. Some of the
trace elements are of public health concern, and some of these may be
enhanced in the urban atmosphere by pollution-related processes. However, from the ndings of this trace element study inferences may be
made concerning the behavior of other pollution substances not analyzed
for directly, which may also be transported to the lake by aerosol fallout.
Appropriate experiments could then be designed which may validate
models predicting their transport.
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Birch eld and Davidson1 described current measurements
in Lake Michigan that clearly delineated between near
what
shore and mid lake currents. These measurements con rmed
long
ons,
conditi
Charney2 had already predicted: that under strati ed
until
ne
shoreli
interval waves would not respond to the presence of the
of
their distance to shore became of the order of the Rossby radius
cadeformation. For the Great Lakes under typical conditions of strati
the
tion, this radius would be between 5 and 10 km. Within this zone,
straight
be
would
waves
interval
long
with
rotary circulation associated
as
eted
interpr
and
d
observe
been
has
ened out. The ow within this zone
the
baroclinic coastal jets.3 When the Great Lakes are unstrati ed,
ons,
dimensi
tal
horizon
lakes
the
Rossby radius becomes of the order of
are
and theoretically, horizontal motions associated with long waves
everywhere responding to the presence of the shores.
Details of the circulation in the nearshore zone are only now
emerging as institutions deploy closely spaced recording current meters
for several weeks at a timer ;6 These studies have been complemented by
coastal chain experiments and by dye diffusion experiments.8 An array of
recording current meters offers the means to develop a climatology of
coastal currents, but only after the data base for a particular location
extends over several seasons. Based on a few such studies, we can divide
the regime of currents owing through a region into three elements:
stagnant or sluggish ow; alongshore ow accompanied by upwelling and
downwelling; and current reversals accompanied by large values of
lateral shear.8

,
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The comparative magnitude of the dispersive proce
sses during these three regimes has been discussed by Csana
dy,9 Murthy, and
Blanton and Murthy,6 but a clear consistent picture has
yet to emerge.
The purpose of this paper is to summarize some of the
characteristics of
nearshore currents that have come to light recently.
These characteristics are all pertinent to the transport of dissolved and
suspended material
in the nearshore zones of the Great Lakes, other large
inland seas, and
the continental shelves. I will also offer some sugges
tions for future

research based on the perspective we have recent
ly gained in the

complexities of nearshore circulation.
Statistical Characteristics

A progressive vector diagram (Figure 1) for curre
nts in Lake
Ontario illustrates some essential differences between nearshore
currents and those farther from shore. Spectral analyses of
these and many
more current meter data along the northshore of Lake Ontari
o4 revealed
that at least 70 percent of the kinetic energy in the horizo
ntal currents
was accounted for, to varying degrees, in two types of motion
: motion
having a return period in excess of 3 days, and rotary or wave-l
ike motion
that includes periods between 12 and 20 hours. The theoretical
inertial
period for Lake Ontario is about 17.5 hours. One can see those
two types
of motion in Figure 1, but the most important fact is that the
rotary

motion essentially disappears in the record obtained closest
to shore.

Moreover, the disappearance is rather abrupt, particularly in summe
r
When the lake is strati ed. The abruptness has been illustrated
by
Blanton in Figure 2, in which he partitioned the total horizontal kinetic
energy into wave-lake motions and long-period motions. Csanady7 has
discussed a coastal boundary layer within which adjustments between
nearshore and mid-lake motion occurs. Closely-spaced arrays of current
meters in Lake Ontario and in Lake Huron show that the adjustment
takes place within a narrow zone only 2 3 km wide during strati ed
conditions. In other seasons, the adjustment appears more subtle. Nevertheless, when we talk of nearshore horizontal currents, we are talking

of currents whose principal variations are occurring over a period of 3
days and greater. Thus, kinetic energy available nearshore for transporting and dispersing dissolved substances is predominantly in lower
frequencies of less than one cycle per day.
The strati cation season of the Great Lakes is characterized
by frequent upwelling and downwelling of the nearshore thermocline.
The zones of upwelling and downwelling in Lake Ontario are con ned
within the coastal zone de ned for summer in Figure 2. A typical cycle of
upwelling and downwelling is shown in Figure 3. Note that the lake
bottom in the coastal zone is affected greatly by this natural cycling of
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temperature. Slopes of the thermocline can attain 10 3 within thecoastal
zone whereas the slope of the main thermocline across Lake Ontario is

10 4 to 105.
IFYGL studies of chlorophyll a variability in Lake Ontario
have suggested that patches in the coastal zone may be broken up or at
least inhibited from formation. We have attempted to explain this by
hypothesizing that vertical turbulence is increased in the shallow nearshore regions. Certainly vertical motions accompanying upwelling and
downwelling can partially account for this. Our evidence for this isbased
0n comparing the vertical distribution of total kinetic energy between a
nearshore station and one in the middle of the lake (Figure 4). Note
particularly the rapid decrease in kinetic energy with depth in the
mid-lake during summer strati cation. Near shore the vertical decrease
is much less. We have speculated that horizontal momentum is scattered

vertically by presence of the sloping bottom, thus making a somewhat
more vertically homogeneous pro le of kinetic energy nearshore. This
speculation is supported partially by oceanic studies. Simons13 pointed out the effect of increasing the vertical
diffusion coef cient in numerical models: inertial oscillations decay due to
increased coupling of currents in the upper and lower levels. More
realistic modeling of the nearshore zone might result by allowing an
inshore increase in the vertical diffusion coef cient. This would in principle create a more vertically homogeneous pro le of kinetic energy as
observed nearshore, as well as damping the inertial oscillations as observed. At the same time, however, one must be careful to allow the

kinetic energy within a layer to increase as one approaches shore, as
observed by Weilerl4 and Blanton.4 According to Simons,13 further model
improvements hinge on a better understanding of the vertical pathways
of momentum and energy in the lake.
Time-Dependent Characteristics

We have established that most of the variance of currents in
the nearshore zones occurs over a period of 3 days or greater. This seems
reasonable since weather systems seem to pass over the Great Lakes
each 2 to 7 days. During a weather cycle, we can expect currents to be
sluggish, almost stagnant, changing to strong alongshore ow and back
again. The most important fact from a transport and dispersion point of
view is that these changes seldom occur simultaneously across the
nearshore zone r6
Csanady9 and Murthy8 documented the accelerated rate of
dispersion of dye plumes in shifting or reversing currents. The fact that
reversals occur at different times in different places helps explain these
observations. In Figure 5, a 20-day record of alongshore currents reveals
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at a depth of 6 m in water 23 m deep. Currents 6 km offshore were measured at a depth
of 7 m in water 44 m
deep (from Blanton and Murthy ).
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reversed about 18 hours after the reversal that occurred 3 km offshore.
The time lag was about 30 hours for reversals occurring on October
15 16. After the reversal on October 6, the upwelled thermocline (Figure
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for that day are included. All measured currents flow out of the page
except for the two locations farthest
offshore.
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farther offshore (depth = 22 m), and concluded that the nearshore data
indicated that the ow was being affected by bottom or shoreline topography.
What have our recent observations told us about circulation in
the nearshore zone? One important thing is that current measurements at
a single point are usually misleading. Nonlinear terms representing the
for example) are often as great if
correlation of velocity and shear (u
earth s rotation as a parameter
the
containing
terms
the
than
not greater
lateral shear illustrates that
of
nature
time-dependent
very
(fu). The
one future need points to
Thus,
constant.
from
far
diffusion processes are
of the nearshore
modelling
physical
adequate
a new realism required for
zone.

So long as the lake is strati ed, we seem to have a clear

conceptual model of the nearshore zone (Figures 2 and 3). Even in the
absence of strati cation, the bottom and side frictions that induce strong
dispersion processes such as lateral shear have a practical limit that is
typically 5 to 10 km depending on bottom slope. Clearly, the dynamics of
the transition between coastal and offshore is little understood. The
coastal zone itself is usually below the usual grid size of lakewide
numerical models. Simons13 acknowledges that the major de ciency
confronting numerical models is correct parameterization of interactions
between sub-grid scale and large-scale processes, not more sophisticated
analytical and numerical techniques. This is particularly true for the
parameterization of the processes that rapidly damp rotary-type motion
in the nearshore zone.
In terms that are relevant to transport of pollutants, sediments, and other oatables, we could make a direct contribution to how
the transition zone affects the transport by extending our Eulerian
observations ( ow past a point) to Lagrangian observations following
actual trajectories. This is a long term, difficult objective because we are
following trajectories over time-scales of 12 hours or greater. A means of
tracking 20 to 30 drogues, simultaneously over a day or so are being
developed in several institutions. It is not enough to throw the drogues
out and see what happens. Well-conceived experiments are yet to be
initiated, but it is clear that carefully placed drogue clusters in the coastal
zone and across the transitional area where inertial oscillations are
damped out would be most instructive. Drogues placed during times of
low and high lateral shear would also be valuable. The tracking of such
devices is just part of the problem. Provisions must be made to collect
them (or else lose them!) and redeploy them in the same location before
they oat away into regions that are no longer relevant to the experiments.

Experiments along these lines are important for a number of
reasons. We are still grasping for ways to quantify the amount of water
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exchanged offshore during current reversals in
the nearshore zone. While
we have models that purport to predict the
path of pollutants and
oatables through and out of the nearshore
zone, these models do not

yet
incorporate the dynamics of processes that trans
port and exchange water

in this zone. It is unlikely that these model
s would stand the veri cation

test with eld data until these processes are accur
ately parameterized.
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i

Many methods have been suggested to generate energ
y to

meet our society s needs now and in the future
. Each
method has advantages and drawbacks and
each, to a greater or lesser

extent, will have an effect on the natural environmen
t. Most of these
methods being seriously considered entail the releas
e of certain pollutants to the environment. The materials are releas
ed directly by the
generating process itself and indirectly by the activi
ties involved in
acquiring and processing the needed raw materials, in shippi
ng these to
the generation site, and in transmitting the energy to
the user. After
release, the pollutants follow certain pathways and become
distributed in
the various components of the environment in a de nite way.
This paper
attempts to brie y review the current status of our knowledge
and the
future needs for research concerning the transport of these polluta
nts by
the planktonic component of aquatic systems, with special emphas
is on
the situation in the St. Lawrence Great Lakes.
Pollutants Considered

For the purpose of this paper the energy related pollutants
for which the plankton can play an important role in transport have been
subdivided into three categories: radionuclides, toxic elements, and
toxic

organic compounds. Energy related release of radionuclides is primarily
from nuclear power plants and the associated wastes. The radionuclides
have been studied extensively because several of them are potentially
extremely hazardous to human health in relatively low concentrations.
The release of toxic elements, especially metals, is associated with
several energy-related activities, particularly the oxidation of fossil
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fuels. The toxic organic compounds include many substances, mostly
biocides, which are not commonly regarded as being connected with
energy related activities. However, certain of these compounds are
directly involved in energy generation and transmission, and the release
of the others will be greatly affected by the types and amounts of energy
available in our society. For example, the concentrations of certain
pesticides in our aquatic environments can be greatly in uenced by
whether energy costs make crop dusting by aircraft the most economical
means to apply these chemicals in agriculture.
With the exception of the elements with atomic weights of 16
(sulfur) or less, the different isotopes of the same element are concen
trated by aquatic organisms to the same degreeB-2 Thus, much of the
discussion on the planktonic-mediated transport of radionuclides in this
paper also applies to the comparable stable isotopes. This fact notwithstanding, it is useful to consider the radioactive and stable isotopes as
two different classes of pollutants. This is because not all the environ
mentally important radionuclides are isotopes of toxic elements nor are
all the toxic elements represented by environmentally important radionuclides. Further, as many of the important radionuclides have half-lives
of a few days or weeks, the relative abundance of these materials in the
different environmental components can be quite different than that of
the comparable stable isotopes.
Certain other substances are released by energy-related activities and distributed by plankton-mediated transport. The most obvious of these are the plant nutrients, especially the chemical species of
phosphorus and nitrogen. These substances are only pollutants in the
broadest sense and have received a great deal of attention elsewhere.
Thus, they have been omitted from the present review.
Planktonic Uptake

Upon release to an aquatic environment pollutants are to
some extent taken up by the planktonic organisms. For the phytoplankton this uptake is directly from the water. For the zooplankton it may be
from the water, but it may also involve accumulation from food.

In most situations the plankters accumulate a higher concentration of the pollutant in their bodies than that present in the water.
A measure of the intensity of accumulation can be obtained by calculating
a concentration factor, i.e., dividing the concentration of the pollutant in
the organism by the concentration of the material that is directly available in the water under equilibrium or steady state conditions.2
Compilations of the concentration factors of a large number of
elements in phytoplankton and zooplankton have been presented by
Lowman et al.2 and Polikarpov.3 As indicated earlier, these factors apply
to both the radioactive and stable isotopes.
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The concentration factor for an element varies in relation to
several in uences. Several studies have shown strong seasonal uctua
tions in the concentration factors of several metals. ~5 Biological properties such as species composition and physiological state as well as physical
and chemical in uences such as temperature, pH, and the concentration
of the element itself and of metabolically similar elements, undoubtedly

provide the ultimate determinants for uptake. For the radioactive iso-

tOpes the availability of the stable isotopes of the same element may
also
be important.2
The only concentration factors for toxic elements in plankton
from the Great Lakes are those provided by Copeland and Ayers
for
several elements in Lake Michigan,ti and values for z V Pu from
all the

lakes provided by Yaguchi et al.7 A comparison of Copeland and Ayers
values, both for selected toxic trace elements and for some of the major
elements, with comparable values from the marine environment (Table 1)
ShOWS large differences. Of the elements studied, those that are relatively abundant in marine and fresh waters, the major conservative

elements, tended to have low concentration factors, with freshwa
ter

values higher than marine values. These elements are probably homeo
statically maintained at relatively constant concentrations in most
organisms; therefore, lower concentrations would be expected in the
marine environment where these elements are more highly concentrated.
For the less abundant elements, the trace elements, the table

Table 1. A Comparison Between the Concentration Factors in Phytoplankton and Zooplankton for Selected Elements in the Great
Lakes and in the Marine Environment. The Great Lakes values are
from Copeland and Ayers ; the marine values are from Lowman et
al.2

Element
A9
AI
Ba
Ca
Ce
CI
Co
Cr
Cu
Fe
Mg
V
Zn

Phytoplankton
Great Lakes
Marine

300
15,500
1 62
57
10
461
252
2 1 ,200
2,890
27
1 ,900
1 ,690

g

23,000
100,000
1 7,000
2.5
90,000
1
1,500
2,400
30,000
45,000
2
600
15,000

Zooplankton
Great Lakes
Marine

133
3,650
1 08
50
285
1 30
277
206
= 1 ,000
2,1 05
21
400
1 ,440

3,000
100,000
900
5
1 ,000
1
700
1,900
6,000
25,000
4
700
8,000

354

A. Robertson

indicates that the marine values tend to be higher than the freshwater

values. The cause of these differences is not immediately apparent.
Because of the limited amount of data available from the Great Lakes,
further measurements are necessary to verify the validity of this observation.
Interestingly, the concentration factors for both marine and
freshwater phytoplankton tend to be larger than those for zooplankton.
This may be related to the observation that phytoplankters often have
siliceous or calcareous tests and so tend to have a higher proportion of
solid or structural material in their wet weight than do the zooplankters.
It seems likely that the amount of an element in an organism is more
closely related to the organism s amount of solid material than to its wet
weight; if so, this would help explain the higher concentration factors for
the phytoplankton because these factors were calculated using wet
weights. A further in uence here may be the greater surface to-volume
ratio of the phytoplankton particles which would lead to relatively
greater surface absorption per unit mass.
Copeland and Ayers concentration factors for phytoplankton
can also be used to approximate the proportions of the various elements
that are concentrated by these organisms. From the data of Robertson
and Powers,8 we can estimate roughly 1 mg/l as an average value for the
dry weight of particulate organic matter in Lake Michigan. Assuming the
wet weight is 5 times this value}6 we can use the concentration factors to
calculate for each element the proportion that is in the organic matter.
The results of these calculations are presented in Table 2.
According to these rough calculations less than 0.1 percent of
the total is in the particulate organic matter for the major elements.
However, for the less abundant elements, the percentages generally tend
to be close to one, with aluminum having the highest value of 7.8 percent.
Thus, for these elements signi cant but not large fractions are in the
particulate organic matter at any one time.
Table 2. Tentative Estimates for Selected Elements of the Fraction
Found in the Particulate Organic Matter in Lake Michigan

Element

A9

AI
Ba
Ca
CI
Co

Fraction In
Particulate Organic
Matter

1.5 x 104

7.8
8.1
2.9
5.0
2.3

x
x
x
x
X

10-2
10
10*
10*5
10 3

Element

Fraction In
Particulate Organic
Matter

Cr

1.2 X 10 2

Cu
Fe
Mg
V
Zn

6.0
1.4
1.4
9.5
8.5

x
x
x
x
X

10*
10"
10
10*3 '
10
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Based on a year-long study, Stadelmann et al.9 estim
ated that

the turnover rates for particulate organic carbo
n in Lake Ontario varied

between 0.04 and 0.18 day 1 at an inshore station and 0.01 and
0.21 day"

at an offshore station. Assuming roughly comparable
values for Lake

Michigan, a value of 0.10 day 1 may be considered a repres
entative value
for that lake. Thus, the particulate organic carbon is renewe
d on an
average of roughly once every 10 days. If similar renewa
l rates can be
assumed for the toxic elements and if, as discussed
above, approximately

1 percent of the total for these elements is in the partic
ulate organic
matter at one time, then, as a rough approximation, 1 percent of the
total
amount of these elements would be passed through this phase
every

week or two. Thus, during an entire year it seems likely
that an

appreciable fraction if not the majority of the atoms of many
of the toxic

elements pass through an organic particulate phase. As discuss
ed sub-

sequently, several processes cause this particulate matter
to be distributed differently than dissolved material. Thus, plankton-media
ted trans-

port (i.e., by living and dead organic particles) potentially
plays an
important role in the distribution of the toxic elements in Lake
Michigan
and the other Great Lakes.
The above discussion applies generally to the radioactive and
stable isotopes. However, for a few of the radioactive isotopes that are
likely to be released to the environment (e.g., Z8A1, 76As, and 64Cu)
the
half lives are so short that they have little opportunity to be taken up and
transported by plankton.2
The toxic organic compounds are also accumulated in a fashion

similar to that for the toxic elements. However, one very signi cant
difference exists. The concentration factors for toxic organics increase as
they move progressively up the food chain.10
Concentration factors have been calculated for several (11)
toxic organics in plankton. The plankton have a large capacity to accumulate these materials. In fact, in the marine environment phytoplankton and detritial particles have beenfound to accumulate almost all
of the DDT residues present in a form available for uptake. 2
Published values for Great Lakes plankton seem to be un
available, although DDT, DDE, and TDE have beenfound to accumulate
30 to 50 times over the levels in the mud in the amphipod Pontoporeia
a inis in Lake Michigan.13 This form is usually benthic, but it does
become planktonic at certain times.
Although there is no direct information on uptake by Great
Lakes plankton, there is little question that this occurs. High concentrations of several toxic organics have beenfound in a number of species of
Great Lakes sh including planktivores.15 To acquire such levels of
concentration the planktivores must have eaten plankton with very high
concentrations of organics. Further studies are certainly needed to gain a
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better understanding of the uptake of toxic organics by Great Lakes
plankton and the subsequent transfer to higher trophic levels.
Phytoplankton Release
Pollutant substances taken up

by phytoplankton are sub-

jected to different transport mechanisms than those to which they were
subjected while they were in the dissolved phase. Of course, some
fraction of the material is released from the particulate phase quickly
after uptake. For this material the uptake by the phytoplankton probably
has little effect on distribution. However, for the fraction that stays
longer in the phytoplankton, processes that act predominantly on particles become important, and the distribution of this material can be
greatly affected.
Both living and dead organic particles tend to settle from the
upper water layers under the in uence of gravity. The settling rates are
dependent on the volumes and shapes of the particles and on their
speci c gravities.16 These particles carry their pollutants with them.
While settling, the phytoplankton may excrete pollutants or they may die
and decompose and thereby free these materials. This can greatly affect
the vertical distribution of a pollutant, lowering its concentration in the
epilimnion and causing it to accumulate in the lower layerst5 The
particles and included pollutants can also sink to the bottom where often
they are buried by later sedimentation, and so permanently removed
from the ecosystem.17 Such sedimentation by both organic and inorganic
particles is often an important mechanism by which a pollutant is eliminated from an aquatic system. Such processes are especially signi cant
in determining distribution of the toxic organics because most of the
molecules of these substances are associated with organic or inorganic
particles.
The redistribution and removal of pollutants by settling has
received very little attention in the Great Lakes. In fact, at this point we
know relatively little about the magnitude and rate of settling of the
organic particles themselves, although this subject has recently received
some attention.19 There also have been recent efforts to measure the
sedimentation rate in Lake Michigan to better understand the rate at
which radionuclides settle out and are buried in the bottom sediments.20
Zooplankton Release

While part of the organic matter produced by phytoplankton
is decomposed in the water or settles to the bottom, another part is
consumed by herbivorous animals. In the oceans and the Great Lakes
these animals are predominantly zooplankters. Thus, a proportion of each
pollutant taken up by the phytoplankters is passed on to the zooplankters
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in their food. The zooplankters can also take up pollutants directl
y from
the water. For the toxic elements and radionuclides the
relative importance of these two routes is in dispute; however, it undou
btedly varies

greatly in relation to the element or isotope involved}3
For the toxic
organics the majority of the materials seems to enter
the zooplankters
with their food.

Pollutant accumulation in the zooplankton opens up
new pos
sibilities for pollutant redistribution. The zooplankton often
undertake
extensive vertical migrations and commonly move over tens
or even
hundreds of meters in a diurnal cycle. This means that the
material taken

up in the upper layers may be freed to the environment at a
lower level in
the water or vice versa.

During their vertical movements, the zooplankton releas
e
p011utants by several methods. One way is through production
of faecal
pellets. Of the material taken into the zooplankters, only
partis as
similated, the rest passes through the gut and is returned to
the envi-

ronment. The proportion assimilated probably varies substan
tially depending on a number of factors including type and amount
of food

involved, physiological state of the zooplankters, etc. It has
been sug-

gested that this proportion also varies greatly for the different element
s,
with the percent assimilated being as low as 1 percent for radium
and
silicon and as large as 85 percent for strontium.2 Obviously the fact that

the pollutants are released as part of a faecal pellet also affects their
vertical distribution. These pellets can sink quite rapidly at times. This
transport by faecal pellets is regarded as an important determinant of
pollutant distribution in certain situations. -22
Another potential means of release of pollutants is through
excretion, especially in conjunction with elimination of nitrogenous
wastes. This route for release of pollutants from zooplankters has received very little study.
Moulting, principally by crustaceans, can also lead to pollutant release. It seems especially signi cant for surface-adsorbed pollu
tants, particularly some of the toxic metals. This mechanism has been
investigated in oceans with euphausids and shown to have some signi cance, especially for toxic elements taken up from the water. 23
Zooplankters also release pollutants by decomposition of their
corpses. Obviously the generally larger particles produced by dead
zooplankters will tend to sink faster than those resulting from the death
of phytoplankters. This will increase both vertical transport and the
chances that the particles will actually reach the bottom. Thus, the dead

zooplankters may play a more signi cant role in transport than their
relative abundance would indicate.
The relative signi cance of these various mechanisms of pollutant release has not been determined for the Great Lakes zooplankton.

358

A. Robertson

Other than the knowledge acquired from extrapolation from other envi-

ronments, very little is known regarding this subject. However, the

phenomenon of diurnal vertical migration is known to be well developed
at times in the Great Lakes.24 It may be that the large zooplankters that
tend to migrate over much of the water column (e. g., Mysis relicta and
Limnocalanus macrurus) will be shown to be important contributors to
vertical transport. However, the available evidence from the marine

environment indicates that sinking particles, probably faecal pellets, are
usually more important. A comparison by Lowman et al.2 of the relative
signi cance of the different means of plankton mediated downward vertical transport of iron in the oceans suggested that migrations accounted
for only 8 percent of the transport, with the remainder due to sinking
particles. Benayoun et a1.25 conclude that 84 percent of the cadmium ux
through a euphasid is lost in the faecal pellets.
Conclusions and Recommendations

This paper has presented a brief review of present knowledge
concerning plankton-mediated transport of energy-related pollutants. A
substantial number of the studies considered indicate that such transport
can play an important role in determining the distribution of pollutants.
In very few cases, however, do we have quantitative information on the
importance and consequences of this transport for a pollutant s environmental dynamics. Practically nothing is known concerning the role of
plankton in pollutant transport within the Great Lakes. A great need for
such studies is indicated.
One word of caution needs to be added, however. Studies of
planktonic transport will be much less valuable in solving our environmental problems if conducted in isolation. We need to mount coordinated
studies of the dynamics of selected pollutants Within the Great Lakes.
Such studies should consider all aspects of the cycling and environmental
effects of each pollutant and should include a modelling phase so that the
consequences of altering inputs of the materials can be predicted.
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Accumulation and Transport of
Energy-Related Pollutants by
Benthos
Nelson A. Thomas
Environmental Protection Agency, Grosse Ile Laboratory, Grosse
Ile,
Michigan
Benthos, commonly referred to as those macroi
nverte-

brates living in or in close association with the bottom,
are quite important in the transport and fate of pollutants in lakes.
Because they are generally stationary or remain within a con ned area,
benthic animals have the ability to accumulate and retain pollutants in
speci c localities. Benthic animals can reach high densities and therefore
concentrate large amounts of pollutants. Another important factor in the
accumulation of pollutants by benthos is that they are often located in the

plumes of river or industrial discharges that contain high concentrations
of pollutants.
In addition to being important for their ability to accumulate

pollutants, benthos can serve as a source of concentrated pollutants to

other aquatic life. Biomagni cation or the concentration of a pollutant as
it passes through a food chain can be very signi cant at the predator end
of the food web.
Accumulation Mechanisms

The determining factor for the accumulation of pollutants in
aquatic biota is associated with the concentration of the surrounding
water; however, in the case of benthos, it is important to consider the

concentration of the pollutant in the sediments.
The accumulation of pollutants in benthos depends on a
number of environmental and physiological conditions. The grain size of
the sediments in which the organism resides in uences the concentra-

L__¥
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tions of the pollutant surrounding the organisms. Generally, the larger
the sediment size, the less the concentration of pollutant. High concen-

trations of pollutants are usually found in sediment with a grain size of

less than 200 microns. The type of benthos also determines the accumu
lation concentration. Generally, herbivores accumulate a lower concentration of pollutants than carnivorous benthos. Another factor that
makes the assimilation concentration somewhat variable is the lipid
content of the organism. The storage of pollutants, especially organic
compounds, is associated with the fatty tissues and the greater the
potential storage area (i.e., the amount of fatty tissue) within the
organisms, the higher the potential concentration in the organism. In
determining the concentration in benthos, the content of the digestive
system is important because it often contains large amounts of sediment
which can interfere with the determination of body composition. Copeland1 used a synthetic digestive juice in an attempt to correct for the
presence of silt in the gut of the benthos. Temperature in uences the
accumulation rate within an organism and the nal concentration in the
organism. The accumulation rate is in uenced by food intake and metabolic rate, both increasing with temperature. Radionuclide content
increases during the warmer months, again a function of temperature.
Copeland, in his work on Lake Michigan, attempted to relate
the importance of the accumulation of pollutants in the benthos to the
concentration in the water and to the amount available from the sedi
ments. His conclusions indicate that the accumulation of pollutants from
sediments is insigni cant when compared to that which can be accumulated from the water (Table 1). The accumulation of pollutants from
water varies greatly with the type of compound (Table 2). In the case of
PCBs, the accumulation factor is related to the numbers of chlorine
substituents.2 The radionuclide accumulation ef ciency depends on metabolic demand and the biological turnover rate of the element for each
component in the food web.3
Accumulation Heavy Metals and Organics

To understand the importance of benthos in accumulating and
transferring pollutants, the role of the benthos must be determined in the
transfer of pollutants within the food chain and ultimately to man. The
concept that there is little transport of pollutants from the benthos to sh
is supported by the work of Jernelov. J ernelov suggests that the
relationship between methylmercury concentrations in the liver and in
muscle of sh indicates the relation between accumulation and excretion
rates of methyl Hg. The total mercury content of benthic animals is not
signi cant because the rate of Hg transport from benthos to sh is very
low. This is because the percentage of methylmercury in the total

r
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Table 1.

Concentration Factors in Lake Benthos (after Copla
nd )

Element

Ag
AI
As

Au
Ba
Br
Ca

Ce
Cl
Co
Cr
Cs
Cu

Eu
Fe
Ht
Hg
I
K
La
Lu
Mg

Mn

Concentration
from Water

Concentrations Relative to
Sediment Extracted Material

330
3074
2000

1 500
1 62
720

_.
_

66

557
1 79
333
382
2357
21400

1 97
1840
1500
51 85
500
543
365
N.D.
43

Mo

3700
1 950

RG
se

2200
74

Na
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1 08

.25'
4.2
.83
-

3.3

.

.85
_
-

'A concentration factor less than 1 indicates rejection by the organism
.

mercury content of the benthos is generally low (much lower than the
percentage in sh), and the total mercury content is quite variable. The
methylmercury transportation from benthic fauna to bottom feeding sh
is evidently small. By comparing the total mercury content of the three
ecological subgroups of benthic animals, it seems possible to separate
situations where release of mercury prevails from situations where it has
ceased. The use of math models to conceptualize the accumulations of
pollutants, especially methylmercury, has been described by workers
such as Fagerstrom.5 In a 3-step chain math model, they found that the
direct uptake of methylmercury from mercury in the water was probably
the most important mechanism for accumulation. Copeland1 concluded
that the accumulation in sh was more closely associated with the water
than with the invertebrates because a lower accumulation factor was
often found in the sh.

1%
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Table 2. Accumulation Factors for Snail (Physa sp.) for Compounds
Examined in the Model Ecosystem* (Sanborn )
Compounds
INSECTICIDES
Bux"

Sevin"
carboturan
dieidrin
Orthene
parathion
Iindane and Aroclor 5460"

Snail
_

_
_
_
_
452

HERBICIDES
alachior
propachlor
Blandex

Bentazon"

dicamba
2, 4 D
pyrazon
Tri uraiin (sorghum treatment)
Tritiuralln (sand treatment)
OTHERS
2,5,2 trichlorobiphenyl
2,5,2 ,5 '-tetrechloroblphenyl

2,4,5,2 ,5 pentachlorobiphenyi
dI-n-octyl phthaiate
hexachlorophene
captan
Banomlte"

1 7,700
1 53,000

5,795
39,439

59,629
13,600
970

*Accumulatlon factor equals concentration of chemical (ppm) In the organism divided
by concentration of chemical (ppm) In the water

In heavy metal accumulation studies by Major and Petronia6
on the mussel, Mytilus galloprovincialis (Marine), it was shown that the
initial assimilation rate was proportional to the pollutant concentration,
and the rate decreased with time to zero. An apparent equilibrium was
reached which grew linearly and sometimes proportionately with the
pollution level. The subsequent depletion rate in mussels placed in
unpolluted water was always lower than the original accumulation rate
and was negatively affected by the level and duration of previous
pollution. For short-term exposure to nonlethal concentrations, the
mussel was an acceptable pollution indicator: a simple univocal correlation was observed between water pollution, mussel metal accumulation,

and time. An accumulation factor was obtained from this correlation
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which was used to quantify the af nity of the metals
for mussel tissue
(CD<PB<CU<HG), and to estimate the hazard
to marine organisms

and man from metal pollution of the sea.
The industrially polluted water off the coast of Tyrrh
enia had
a high concentration of mercury, reaching value
s as high as 204mg/l.
Mercury levels in marine sediments were directly related
to grain size.7
Inter

and intraspecies differences existed in the accumulation
of mer-

cury in marine benthic animals. The accumulation
also varied with the

type 0f tissue. Herbivorous limpets (Pate
lla cemlea) contained less

mercury than did crabs (Pachygrapsus marmoratus
), which are pri
marily carnivorous omnivores. Thus, viscera conta
ined more mercury
than muscles in all species studied.
The accumulation of radionuclides by benthos has been
shown
to be in the same proportion as the elemental isotope when the
element
atomic number is greater than 16.8 The accumulation can be affecte
d by
the concentration of the stable isotope as shown in the work by Whitde
n
and Goodnight,9 which showed that an increase in the stable calcium
ion
in the water reduces the rate of uptake as well as discri
mination by the
radiO-strontium, radio-calcium uptake. The work also indicated
that
those regions of the sludgeworm with abundant blood vessel
s appeared to
be the site for reabsorption of the radioions.
Evaluations of radioactive manganese in the aquatic enviro
n-

ment of P0 Valley, Italy,10 found that those animals in the
second trophic

level generally contained more of the isotope than other
organisms.

Aquatic insects usually

contain
more than the sh of these waters.

Studies on the distribution of the isotopes zinc 65, cadmium
115m and copper 64 in various physiological systems of the snail Taphius

glabratus indicated that uptake patterns were similar for the 3 nuclides.11

In normal snails, the liver contained 4 to 7 times the concentrations
of

other tissues, but in snails under stress, the liver contained only
twice

that found in other tissues. It was concluded that distress affected the
concentration and distribution of ions rather than the quantity absorbed,
and that the ions produce distress by disrupting membrane permeability
rather than by interfering with internal metabolic mechanisms.
In another study, the concentrations of radium 226 and
strontium 90 were reported for various components of the ecosystem in a
Soviet reservoir. 12 The highest concentrations were observed in mollusks
and in larvae of other benthic animals. These concentrations were generally 10 times those observed in zooplankton or sh muscle tissue.
Cobalt 58, zinc 65, zirconium 95, and cerium 144 were found to be

intensively concentrated in the shells and tissues of the zebra clam
Dreissena :ziolymorpha.l3 Caesium 137 was not concentrated as much as
the previous 4 nuclides and appeared to reach a saturation level within
one month.
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Studies on the uptake of strontium 85 by the clam Anodonta cygnea from the Rhone River found that the maximum uptake was
approximately 2 to 9 percent of the environment, and that after 35 days
an equilibrium was reached within the organism. Approximately 50
percent of the absorbed activity was retained in the shells, and the gills of
the clam had the highest xation capacity when compared to other
organs. A study 5 of the uptake of ruthenium 106 by freshwater mussels
showed that the metabolism of this nuclide depends on the physicalchemical form of the nuclide. Further, the uptake was stronger in the
soft tissue than in the shells of the mollusks.
There has been some work in the marine environment that
provides insight into the mechanism controlling accumulation. Pen
treath16 studied the accumulation of forms of zinc, manganese, iron, and

cobalt by the mussel Mytilus edulis, the accumulation of both the stable
and unstable elements in individual tissues and the concentration of such
elements in the sea water. For all four radionuclides the greatest
accumulation occurred in the stomach and digestive gland. Further
localization of zinc 65 and iron 59 was demonstrated by autoradiog~
raphy. As the animals were starved during the accumulation period, the
loss of stable elements by individual tissues was also followed. Again the
notable effect occurred in the digestive gland tissues, with the exception
of a large loss of Fe by the foot. After two weeks accumulation, iron 59
occurs in large clusters in the foot, notably in the byssus gland area.
These clusters dissappear after a two-week period and may thus be
secreted into new byssus threads. The accumulation of nuclides was
examined using a single exponential model, and values obtained for ux
rates, biological half-life, and asymptotic values were compared with the
stable element concentration factors. An analysis of the parameters of
exchange of nuclides in individual tissues with the water was further
examined using the Kendall coef cient of concordance. This demonstrated that the exchange occurs in a decreasing order of stomach,
digestive gland, gill, foot, mantle, gonad, and adductor. The application
of the Friedman test of two-way analysis of variance indicated that this
order is the same for all four nuclides studied, despite the fact that Zn
and Co were largely soluble; that Mn was partly in the particulate form
with the radionuclide used; and that Fe was largely particulate in both
stable and active forms. There was an indication that as well as ac
cumulating nuclides via particulate matter in suspension, the mucus itself
is capable of sequestering them, even though they were in the soluble
form, and may even preferentially accumulate soluble forms. The actual
role of water in the accumulation of the nuclides studied appears to be
relatively minor compared with that of food accumulations as estimated
by differences from the calculated stable element values.
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Transport

The role of benthos in the movement of pollut
ants in the
aquatic system is very minimal when compared to
the transport of
pallutants by water or colloidal materials. Movement of pollut
ants occurs
only when benthos emerge during the reproductive part
of their life
cycle; however, organisms generally do not move great
distances during
emergence. When insects metamorphose from immature
stages to

adults, there is generally a reduction in their pollutant
content. Another

transport mechanism is the use of benthos as food for
sh and other
aquatic life; the pollutant would be released or accumu
lated in the
predator. However, this mechanism is probably insigni
cant.
Burrowing organisms, such as sludgeworms, move
large

quantities of sediment during their normal feeding activities.
These

organisms could place pollutants in solution with the overlying water if
the pollutant had been held in the interstitial water beneath the
sediment
surface. Often the interstitial water is anoxic one to two centim
eters
below the sediment surface and as a result the release of compounds is
greatly accelerated. It is improbable that the release of pollutants
could
be enhanced by passing through the gut of the benthic organisms and
coming in contact with the acids and the digestive juices. The quantity
and strength of acids produced by the benthos would be insuf cient to
release any signi cant amount of pollutants.
Benthos could well act as a sink for pollutants in the aquatic
environment because they would accumulate pollutants and, upon their
death, be incorporated into the sediments and thereby be lost from the
aquatic environment.
The possible removal of pollutants from the environment is
quite important considering that accumulation factors for some compounds exceed 105 and 106. The ultimate release of these compounds is
related to the life stage of the organism. Tissue concentrations can be
altered through molting or emergence and through metabolism or degradation of the compounds. Accumulation rates and concentrations of
many of the complex organic compounds are not known because of the
rapid transformation of these compounds to metabolites, which sometimes are not relatively identi ed during analysis.
Conclusions

Benthos concentrate many heavy metals and organics in relation to the concentration in the surrounding water. The accumulation
from sediments is much lower than that from water. In serving as a
source of food for sh and other aquatic life, benthos do not appear to
transfer signi cant amounts of pollutants. The accumulation of pollutants

1*
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is higher in benthos than in sh. Pollutants are often metabolized to
daughter products within thebenthic animals.
The only important role benthos might have in the transport
of pollutants is through the resuspension of materials below the sediment
surface. This appears to be an area where further investigation is

required.
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Sources, Sinks and Dispersion of
Fine-Grained Sediment in Lake Erie
A. L. W. Kemp
Canada Centre for Inland Waters, Burlington, Ontari
o, Canada
It is estimated that 30 million metric tons of ne
grained
sediment accumulates in the offshore basins of Lake Erie each
year. The
major source of the sediment input is erosion of shoreline blu
's, with the
north shore between Erieau and Long Point contributing
21 million
metric tons annually. A sediment mass balance indicates that
a large
part of this blu material is transported a distance of 150
km and is
deposited in the eastern basin of the lake. The time-frame and
transport
mechanisms for the movement of ne-grained sediment in Lake
Erie are
not known at the present time.
Modern ne-grained sediment covers 70 percent of the
bottom of Lake Erie. This postglacial mud ranges from
a soft grey silty clay to a soft sandy mud. The mud occurs as continuous
offshore deposits in four distinct sub-basins.1 Gravel, sand, and silt,
commonly occurring as a veneer over residual glacial clay deposits, are
exposed on ridge crests between basins and in nearshore zones around
the margins of the major mud deposits (Figure 1). The sediment distribution is more fully described in references 1 through 10.
Estimates of the mean annual rate of mud accumulation over

the period of Lake Erie s existence (about 12,000 years) have beenmade

by dividing the total postglacial mud thickness by 12,000.

Maximum

mud sedimentation rates of 0.4, 0.8, 1.7, and 3.2 mm per year are
calculated for the western, Sandusky, central and eastern basins, re-

spectively.

Recently, sedimentation rates of 0.6 to 15.1 mm per year,
with a mean of 4.4 mm per year, were found for the western basin. 2 The
data were based on the sharp increase in Hg concentration in the

if
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Hg-depth pro les at 64 locations. Using polle
n dating, maximum mode

rn
sedimentation rates of 7.6, 2.7, 5.1, and
13.4 mm per year were found in
the western, Sandusky, central, and easte
rn basins, respectively. 1 These
estimates were based on the average sedim
ent accumulation since 1935,

the time of the Castanea (Chestnut) pollen
decline. Using the same data,
the authors estimated an annual accumulati
on of 23,400,000 metric tons
of mud for Lake Erie.
There has been little quantitative data
on the amount of

sediment entering Lake Erie from the vario
us sources. Even

less is
known about the fate of the ne grained mater
ials once they have
entered the aqueous phase in the lake proper. A ne
grained sediment
mass balance is attempted for Lake Erie, and
the sources, sinks and
dispersion of the sediment are discussed in this paper
.
Sources

Modern

ne grained lacustrine sediments in Lake Erie
are

derived mainly from shoreline erosion and river
inputs of suspended
solids. Secondary sediment sources may include aeolia
n materials, au

tochthonous organic matter, subaqueous erosio
n, and offshore dumping

of dredged spoils. We estimate that at the present time about
34.8 million
metric tons of sediment are transported into Lake Erie
each year from all
external sources (Table 1). Shoreline erosion contributes
25.7 million
Table 1. Annual Input of Fine-Grained Sediment to Lake
Erie from
All External Sources (in million metric tons)
Source

Zone

Yield

Shoreline Erosion

Ontario
Ohio
Michigan
Pennsylvania & New York

23.4
1.4
0.1
1.0
Total

River Inputs

Detroit River
Maumee River
Other Rivers

Total
Airborne Particles

Autochthonous Organic Matter
Dredged Spoils

Whole Lake

Whole Lake
Whole Lake

25.7

1.4
1.8
0.9
_

4.1

1.0

1.0
3.0

;
.
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,
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metric tons of this total, with most of the material coming from the
Ontario shoreline.
More than 80 percent of the total input from shoreline erosion
comes from the bluffs along the north shore of the central basin between
Erieau and Long Point. Erosion of these particular bluffs is not only
in uenced by external factors such as large storms and water level

uctuations, but also by geologic and topographic factors. 15 These
bluffs, which 'range in height to 40 meters above lake level, are eroding at
rates up to 3 m yr l.15 The estimates of the quantity of sediment eroded
from the Ontario shoreline are based on the total of silt and clay sized
materials eroded during the last four years. 17 This period has been one
of high water levels and the Ontario shoreline erosion estimates can be
considered maximal.
Bluff erosion contributes 1.4 million metric tons per year from
the Ohio shoreline (Table 1). Bluff erosion inputs from the Ohio shoreline

are based on the quantity of silt and clay sized materials eroded over the
past 100 years.18 Erosion rates of up to 8 m yr" have been recorded for
the western Ohio shoreline 19 and up to 2.5 m yr 1 for the Lake County
shoreline.20 Although the maximum bluff erosion rates are very high
along parts of the Ohio shoreline, the generally low relief and geological
nature of the bluffs yield much smaller inputs than those from the north
shore of the central basin.
There is no estimate of the erosion rates and bluff inputs from
the Michigan, Pennsylvania, and New York shorelines. It is estimated
that less than 0.1 million metric tons would be derived from the low relief
Michigan shoreline. It is assumed that less than 1.0 million metric tons
per year would be derived from the Pennsylvania and New York shoreline, as the base of the bluffs along much of these shorelines is composed
of interbedded shales and siltstones.
River inputs of ne-grained sediment totalled 4.1 million
metric tons in 1968.11 The Maumee River has the largest input with 1.8
million metric tons, while the Detroit River is a close second having an
annual input of 1.4 million metric tons (Table 1). It is calculated that
inputs of airborne particulate matter would range from 0.2 to 3.3 million
metric tons per year.21 Because of the dimensions of the lake and the
short particulate residence times, it is assumed that less than 1.0 million
metric tons per year would be derived from airborne sources.
Autochthonous organic matter is also an important source of
ne-grained sediment. Using the sedimentation rate data,13 the organic
carbon content of the offshore sediments,6 and assuming that one-third of
the sediment organic matter is allochthonous, it is calculated that 1.0
million metric tons of organic matter are deposited and buried each year.
This quantity of autochthonous materials represents the residual primary
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organic matter after decomposition has taken
place in the water column
and at the sediment water interface.
A volume of 4.6 million cubic meters of sedi
ment is dumped

into the lake from dredging activities. Assu
ming a water content of

75
percent by weight and a silt and clay content of
50 percent of all solids,
dredging would yield about 3.0 million metric tons
of ne-grained mate
rial per year. There is no estimate of the input from
subaqueous erosion.
Sinks

Fine-grained materials that enter Lake Erie
either settle on
the lake bottom or are transported out of the lake syste
m via the exit at
the Niagara River. The total annual input of ne-gr
ained sediment to the
lake from external sources is estimated at 34.8
million metric tons. The
out ow of suspended materials from the Niagara River
for 1968 amounts

to about 4.5 million metric tons, which yields
a net loading of 30.3 million

metric tons per year. Using the area of lake bed that
is covered by mud
and sandy mud and the average sedimentation rate
for each basin, the
quantity of ne-grained sediment deposited on the lake
bottom each year
is calculated to be 29.6 million metric tons (Table 2).
The sources and
Sinks of the ne-grained sediment are shown in Figure
2.
As a rst attempt at a ne-grained sediment mass balanc
e, it
is extremely fortuitous that there is such close agreement
between the
net inputs and calculated sediment loading. The Ontari
o bluff erosion
calculations are based on only a 4-year average and are expect
ed to be
maximal. The sedimentation rate data are based on only 11 cores
which
are time averaged over a 35 year period. Similarly, the inputs
from
Shoreline erosion in Michigan, Pennsylvania, and New York,
airborne
particulates, and dredged materials all require quantitative study.
It is
anticipated that as further information becomes available, the
sediment
mass balance will be radically modi ed.
In spite of these limitations, several conclusions can be drawn
from these initial calculations:
(1) Shoreline erosion is the major source of ne-grained
sediment particles to Lake Erie.
(2) The north shoreline between Erieau and Long Point is
the source of 60 percent of all incoming sediment.
(3) More than half of the sediment that enters Lake Erie
from external sources is deposited in the eastern basin (52 percent).
Dispersion

The sediment mass balance can pinpoint the external sources
and the sinks of sediment in Lake Erie. The fate of a sediment particle,
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Fine-Grained Sediment Mass Balance
for Lake Erie

Fine-grained Sediment Inputs . . . . . . .
.. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . .
34.8
Outflow . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5
Net Sediment Input . . . . . . . . . . . . . . .
. . . . . . . .. . . . . . . . . . . . . . . . . .. . .. . .
30.3
Sediment Loading

Eastern Basin . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . 15.5
Central Basin . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . 8.2
Western Basin . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . 5.9
Total . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . 29.6

from the time of its entry into the lacustrine syste
m until its nal burial,
is only very poorly understood.
Sediment particles are subject to a variety of
chemical and

physical processes upon entering the lacust
rine environment. Under

quiescent conditions, the particles settle on the lake
bottom at a rate
dependent on their size, shape and density. Settling rates
of up to 2 m
day-1 have been determined for seston in Lake Ontari
o.23 However,
quiescent conditions are rare and the suspended partic
les are likely to be
transported from their point of entry by the action of curren
ts and eddy
diffusion processes. The prevailing easterly currents in
Lake Erie favour
the dispersion of the particles from the west towards
the east. 24 The
particles will eventually come to rest on the lake bottom.
Fine-grained particles deposited on the high energy
nearshore zones or cross-lake ridges are likely to be resuspended
and transported to zones of lower energy. Sediment particles may
be deposited
and resuspended many times before coming to rest on the
lake bed.
Herdendorf7 observed accumulations of up to 10 cm of sediment
per year

in the reef area of the western basin, while

areasclose to the reef area

received no accumulation. The author suggested that the trappe
d sediment was in transport across the area to a more quiescent zone.
During
this period of resuspension, the sediment particle may be subject
to
chemical or physical alteration and to incorporation into the food chains.
Turbidity values are greatest in the spring and fall, indicating
that these are the periods when the most resuspension takes place. The
mean turbidity values are much greater in the fall than in the spring. The
highest values occur in the western basin, the north shore between
Erieau and Long Point and the south shore near Cleveland. The high
values are presumably a function of shoreline erosion on the north and
south shores and shallow depths of the western basin.

l
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On nal deposition, the ne grained sediment remains in the

occulent sediment water interface zone, until it is buried to a depth of a

few cm. Rapid alteration of the labile materials takes place in this zone
due mainly to bacterialz and/0r chemicalz processes. Under anoxic
conditions, P, Mn, Fe and S are released to the hypolimnion waters.

At the present time, we know very little about the dispersion

and burial of

ne-grained particles in Lake Erie. Our estimates would

indicate that much of the blu material from the north shore is trans
ported a distance of 150 km before deposition and burial in the eastern
basin. The transportation pathways are unknown. We do not have a time
frame for the postulated dispersion processes and estimates are needed
for the residence times of the various chemical forms of each element.
The high sediment accumulation rates in the eastern basin indicate that
pollutants from upstream sources such as Detroit and Cleveland may be
deposited at the eastern end of the lake. Other studies are also necessary;
particularly on the fate of particles in the shallow zones, such as the
western basin, with emphasis on mixing at the sediment water interface
and resuspension processes.
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Depositional Processes and the

Determination of Recent
Sedimentation Rates in Lake
Michigan*
John A. Robbins and David N. Edgington
Great Lakes Research Division, University of Michigan, Ann Arbor,
Michigan. Radiological and Environmental Research Division,
Argonne National Laboratory, Argonne, Illinois
he determination of recent sedimentation rates is important for understanding processes of transport, deposition, and subsequent diagenesis within sediments of the Great Lakes. We
are particularly interested in the rate of sedimentation over the past 200
years. During this time there have beenmajor changes in land use,
degree of industrialization, and population density. Up to now the
interpretation of chemical pro les in freshwater sur cial sediments has
been limited by the virtual absence of sedimentation rate data.
Elevated concentrations of certain heavy metals are often
found in the upper few centimeters of sediments. This may be a cultural
effect as in the case of lead 3 or mercury 5 or due to naturally occurring
diagenic processes, as in the case for manganese6 or silica.7 To assess the
relative importance of man s effects versus naturally occurring diagenesis, it is necessary to be able to estimate the annual loading in the
sediments and understand the basic geochemical processes governing
postdepositional mobility. Thus, knowledge of the rate of sedimentation
is of fundamental importance for the interpretation of elemental distri
butions in sediments and interstitial water, and in particular, for the

development of quantitative models.
Over the past several years we have been studying the
*Contribution No. 189 from the Great Lakes Research Division.
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feasibility of using natural and arti cial radionuclide
s, speci cally Pb 210
and Cs 137, for the determination of the rates
of accumulation of recent

sediments. These two radionuclides are present in the
atmosphere and
are transferred to the sediments by two processes:
wet deposition at the

air/water interface by precipitation scavenging
and removal from the

water column in association with allochthonous or
autochthonous sedimenting particles. The reactions occurring in the
water column may

involve, among others, ion exchange with clay
minerals, direct incor-

poration by organisms, and absorption by organic detrit
us. In this paper
we wish to set forth certain aspects of the current status
of research on
the geochronology of Lake Michigan sediments using Pb
210 and Cs 137.
In general, the studies have raised many more questions
than they have

answered, and we shall attempt to outline directions
for further re-

search.

The area in Lake Michigan with which we are primar
ily
concerned is shown in Figure 1 along with a few of the
many coring
locations we have occupied over the last several years. The
southern
basin of the lake is broadly divided into two sedimentary domain
s. The
western half of the basin consists of ne glacial clay overlain
by a brown
occulent material up to several centimeters thick. The easter
n half of
the basin consists of organic-rich, clayey silt or mud again overlai
n by
oc. The contours of the thickness of the Waukegan Member
, shown in

Figure 1, represent roughly the last 7000 years of sediment accumu
la
tion.8 Most of the sediment has deposited on the eastern side of the lake
during this post glacial period. Our work on recent sedimentation rates
using Pb 210 and Cs 137 shows that present patterns of deposition
are
congruent with these post glacial contours."~10
Pb 210 Geochronology

Pb 210 is a naturally occurring uranium series radionuclide
with a half life of 22.26 years. It is produced in the atmosphere by the
decay of terragenic Rn 222, which is a gas. Pb 210 is rapidly removed
from the atmosphere through precipitation scavenging and is rapidly
incorporated into sediments because of the short residence time of lead in
natural waters.11 The decay of the unsupported Pb 210 during burial by
additional layers of sediment forms the basis for developing a geochron
ology spanning about 100 200 years.
A Pb 210 geochronology of freshwater sediments has re
cently been explored both by Koide et al.12 and Krishnaswami et a1.13 To
our knowledge, the rst work on Pb 210 in the Great Lakes was done in
Lake Michigan where the concentration of Pb 210 in the surface layers of

sediment varies between 5 and 30 pCi/g dry weight. Of this, approximately 1 pCi/g is derived from the in situ decay of Ra 226. Since the
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Figure 1. Thickness (In meters) of the Waukegan Member in
Southern Lake Michigan (adapted from Illinois State Geological Survey, 1972)
annual

ux of Pb 210 to the surface of the lake is almost constant, there

should be an exponential decrease in its concentration as a function of
depth provided the sedimentation rate is constant as well. Our initial
studies were based on measurement of the Pb 210 distribution in a series
of eight cores taken at widely spaced locations in the lake.10 The results
were very promising because the Pb 210 distributions were generally
exponential. An example is shown in Figure 2. Sedimentation rates
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ranged from about 0.01 cm/year in the glacial days on
the western side of

the lake to 0.1 0.3 cm/year in the muds 0n the easter
n side. The average

rate over the last 100 years or so was within the range
of post glacial
accumulation rates associated with the cores. The magni
tude of the
excess Pb 210 concentration together with the precision
of the analytical
method for this nuclide limits the range of dating by this
method to
100 200 years B.P.

The validity of the Pb 210 method for dating
sediments
depends critically on a number of factors, one of which is
the requirement
of negligible chemical/diffusional mobility through the
sedimentary col
umn. Koide et al. showed that the exponential distri
bution of unsup

ported Pb 210 activity provided a correct measu
re of sediment age in

coastal marine sediments in the Santa Barbara basin. They
compared
Pb-210 dates with a count of annual varves. In Lake Michigan,
we are
not so fortunate in having varved cores to provide an indepe
ndent check
on sediment age and we must rely on more messy measu
res such as
pollen horizons or the distribution of other radionuclides such
as Cs 137
for which the history of inputs to the lake is known. The one compar
ison
of Pb 210 and ambrosia-derived sedimentation rates10 showed that the
mobility of Pb 210 is probably less than 1 cm in the muds of
southern
Lake Michigan, but further work comparing radionuclide and
pollenderived sedimentation rates must be undertaken for a few selected
cores.
The chemical mobility of lead and Pb 210 can be determined by measurement of the distribution of stable lead or Pb 210 in interstitial water.
Preliminary measurement using anodic stripping voltammetric methods
reveal concentrations of dissolved lead in Lake Michigan muds of about
one ppb. 5 Levels of lead in associated sediment solids are around 50 ppm.
Thus, the apparent distribution coef cient of lead is in the order of 10 1 to
105, suggesting very limited chemical/diffusional mobility. It would be
interesting to measure Pb 210 itself in interstitial water, but it is clear
that horrendously large volumes of water (perhaps several liters) would
be required. It is important to point out that activities of Pb 210 were
actually inferred from direct measurement of alpha emissions from the
Po 210 daughter of Pb 210. It is generally assumed that polonium, which
has a 138 day half-life, is in secular equilibrium with Pb 210. This will be
nearly true provided the cores are sectioned and then stored for several
polonium half-lives prior to extraction, as we did. Under in situ conditions the Po 210 and Pb 210 are probably not in equilibrium near the top
of the sediments because of the differences in chemical mobility of
polonium, which is a sulfur family radionuclide. Disequilibrium between
Po 210 and Pb 210 may be studied by successive extractions of polonium
from sediments, one as soon as possible after collection and another after
several months. Such studies are valuable in their own right, but are also

important in view of the developing interest in applying the Pb 210 dating
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Figure 2. An Example of
Measurement of Pb 210 Distribution

Figure 3. Measuring Intervals of
Constant Pb 210 Activity of Variable Thickness

method widely in the Great Lakes. Our limited experience with unaged
cores suggests that Po 210/Pb 210 disequilibrium is probably not a serious
problem, however.
Our initial studies revealed the occurrence of intervals of
constant Pb 210 activity of variable thickness located at the top of some
sediment cores. An example is shown in Figure 3. Corresponding intervals of constant activity seen in the 05 137 distributions led us to
develop a quantitative model which allowed for uniform mixing of sediment solids within a zone of adjustable thickness at the top of the
sedimentary column.10 The mixing was assumed to be a steady-state
mechanical process due perhaps to the action of burrowing benthic
organisms or to microturbulence in the vicinity of the sediment-water
interface. The model necessarily produced a better description of some
Pb 210 pro les, but its main virtue seems to be its ability to provide a
self-consistent picture of the distribution ofseveral elements and other
radionuclides which will be discussed further below. Subsequent studies
have suggested that the thickness of the mixing zone corresponds to the
depth of occurrence of oligochaete worms in a given core. The evidence is
mainly impressionistic at this point, but if benthic activity is in fact
responsible for the sur cial plateaus in the Pb 210 activity, this might
account for the relatively high degree of patchiness in the occurrence of

'
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cores showing non-zero mixing depths. Careful observ
ation of the quantity, type, and distribution of benthic fauna in
dated cores should be

undertaken.

Studies of recently collected cores sectioned in
half centime-

ter intervals have shown additional structure. An examp
le is given in
Figure 4 of the Pb 210 distribution in a core from
Green Bay. The

distribution, which is comparable to some seen in southe
rn Lake Michi-

gan, is characterized by intervals over which the sedimentatio
n rate
seems nearly constant, alternating with intervals where
the Pb 210
activity is nearly constant. The average sedimentation rate
over the
upper 30 cm appears to be about 0.33 cm/yr while the rate in individu
al
sections is about half that value, 0.17 cm/yr. But in the presenc
e of such

anomalies in the Pb 210 distribution, the interpretation is open to con
siderable question and the assignment of sedimentation rates is even
more in doubt than when pro les are well-behaved as we had been
accustomed to seeing using coarser sampling intervals. The at
spots
may occur for any number of reasons, including intermittent periods
of
benthic mixing, redeposition effects (slumping), or variations in the
ux
0f Pb 210 to the sediments. Provided that the ux of Pb 210 and ux of
sediment solids (mass sedimentation rate) remain completely correlated
so that the speci c activity at the sediment surface is always constant,
there is still a basis for interpreting pro les with such anomalies. Zones
of constant activity then correspond to an in nite sedimentation rate and
no elapsed time is associated with such intervals. The age associated with
a given layer of sediment is given by
_

A0

_

A00

tn

T _ 1 (A' 'A,0) (0.693)
where A0 is the activity at the surface, A, is the supported Pb 210
activity, A is the activity measured at depth 2 below the sediment-water
interface, and t.,, is the half life of Pb 210. If this constant speci c
activity model is correct, we can be optimistic about the application of the
Pb 210 method even in relatively shallow freshwater environments such
as Green Bay and other areas of particular interest such as Saginaw Bay,
Lake St. Clair and western Lake Erie.
The Pb 210 distributions in a series of cores taken along a
transect across the southern basin of Lake Michigan show at regions
similar to those shown in Figure 3. They do not correspond very well
from core to core. However, if dates are assigned according to the
speci c activity model, they tend to cluster around the years of 1958,
1940, 1913 and 1905. The assignment of the earlier dates (1913 and 1905)
are sensitively dependent on the value chosen for the unsupported
Pb 210 activity. The above dates correspond to the occurrence of the
major storms over the lake in this century. If storm induced redeposition

;
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Pb 210 Distribution in a Core from Green Bay

of sediment in water over 200 ft deep is as signi cant as our limited
observations suggest, a new approach to relating current structure to
patterns of sedimentation is required. It may be that instantaneous
sedimentation rates are not very different anywhere in the deeper parts
of the southern lake basin, and that higher average sedimentation rates
in the eastern part of the basin are built up in part through periodic
episodes of redeposition in which there is a net transfer of sediment from
the western to the eastern side of the lake. This mechanism would
account for the occurrence of Pb 210-bearing occulent material a centimeter or two thick overlying glacial clay on the western side of the lake.
According to the distribution of Pb 210 in this sediment, the underlying
glacial clay should be no more than several hundred years old, whereas
the clay is undoubtedly much older. The discrepancy in time would be
removed if this layer is periodically redeposited elsewhere in the lake.
Cs 137 and Patterns of Sedimentation

The introduction of Cs 137 into the environment with the
onset of nuclear detonations about 30years ago provides an alternative
means of estimating sedimentation rates. The concentration of Cs 137 in
the atmosphere has been extremely variable, its magnitude depending
upon the number and intensity of nuclear devices exploded. The ux at
the air/water interface varied from zero before 1950 to a maximum in
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1963, and has decreased up to the present.16 Therefore, in addition to a
decrease in activity due to radioactive decay, there should be a record of
the history of inputs to the lake preserved in the sediment column with a
maximum at a depth corresponding to sediment added in 1963, provided
that the residence time in the water column is less than about two years.
Walgren and Nelson 17 have shown that the residence time of Cs 137 in
Lake Michigan water is about one year, while the residence time of the
Cs 137 in the sh population is considerably longer, 3 to 4 years. The
mean residence time of Cs 137 is so low in comparison with the residence

time of conservative substances in the water, around 100 years, that

about 95 percent of the 05 137 which has been deposited on the lake
surface is now in the sediments.
An example of typical Cs 137 distributions is shown in Figure
5, along with the estimated annual input into the lake. For purposes of
comparison, we have shown the record of atmospheric inputs versus
depth in the sediment as well, using a time scale based on Pb 210
measurements. If Cs 137 were not redistributed within the sediments,

the maximum corresponding to the 1963 64 input would occur at about
2.5 cm. However, the maximum occurs at 4.5 cm indicating a signi cant
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downward migration. This 2 cm displacement cannot be accounted for in
terms of simple molecular diffusion since a diffusional process would only
tend to broaden the peak rather than move it downwards. 3 The model fit

shown in Figure 5 shows that effects of mixing can correctly describe the
observed distribution. Application of the mixing model independently to
the Pb 210 and Cs 137 distributions generally yields consistent values of
the sedimentation rate and depth of mixing. Cs 137-derived sedimentation rates also correlate very well with the integrated Cs 137 activity,
which is a model-independent quantity. The mixing depths inferred from
the two radionuclide distributions do not generally agree as well. In some

cases a signi cantly greater mixing depth is required to describe the

Cs l37 distributions. Thus, there may be some diffusional mobility of

Cs 137 in such cases. Lermanl" has accounted for the Cs 137 distribution
in several Lake Erie and Lake Ontario cores, mainly in terms of deposition of Cs 137 associated with sediment solids plus a small degree of
diffusional mobility which varies appreciably from core to core. Consid
erably more work must be done on mechanisms of transport of 05 137
within sediments before mixing or diffusion models can be taken too

seriously. For in light of our discovery of ubiquitous at spots in the
Pb 210 distributions, we must question whether those which occur at the
sediment surface are really due to vertical mixing or are instances of
recent slumping. If the mixing model does not survive
these
new devel
opments, we do not see what quantitative model could be substituted,
which could so successfully predict the shapes of the Pb 210 and Cs 137
distributions and the distributions of several stable elements as well in a
large number of cores.
The distribution of total Cs 137 in more than fty cores is
shown in Figure 6. Periodically spaced zones of high sedimentation seem
to occur along the eastern side of the lake approximately ten miles
offshore. The zones are located somewhat north of major tributary
mouths, suggesting possible localization of river-borne sediment and
scavenged Cs 13 7 in the inshore area. The effect of relatively e icient
scavenging of Cs 137 in the inshore area is also illustrated by comparison
of the ratio of the Pb 210 to Cs-137 flux in time equivalent sediment
sections. Relative to Pb 210, the ux of Cs 137 is roughly twice as high
within

the high sedimentation zones (inshore muds) than further off

shore. We are not certain whether the excess Cs 137 found in the inshore
muds is actually derived from rivers or is the result of scavenging of
Cs 137 in the lake by river-derived suspended matter. The studies by
Ritchie et al.19 suggest that there is a negligible Cs 137 contribution from
watersheds. To our knowledge there are no reported studies of levels of
Cs 137 in any of the major Lake Michigan tributaries. We are inclined to
believe thathigher inshore uxes of Cs 137 relative to Pb 210 may be
accounted for in terms of the possible scavenging mechanisms for these
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two radionuclides. For example, it is well known that the dominant
mechanism for Cs 137 removal from the water column is ion exchange on
clay particles, but Leland et al.20 concluded that complexing with organic
matter is more important in the removal of lead from lake water than

absorption on clays or hydrous oxides. Therefore, it might be expected
that Cs 137 may be more effectively removed in the nearshore areas
where the sediments may have a larger proportion of clay minerals from
the local input of terrigenic material. However, further out in the lake,
the proportion of organic detritus may be in relatively greater concen

tration than clay, and result in preferential scavenging of Pb 210.
Recently Shimp et al.1 have shown that the proportion of organic carbon
does increase with distance o shore.
Stable Lead

As the history of lead use around the Chicago-Milwaukee area
is comparatively well known and a recent emissions inventory is reported
by Winchester and Nifong,21 we surmised that stable lead might be used
to determine sedimentation rates. Recently Chow et a1.22 and Bruland et
al.23 have demonstrated qualitatively the correspondence between the
lead distribution in dated coastal marine sediments and the history of
lead emissions in Los Angeles.
We found3 that the distribution of stable lead in a set of
Pb 210 dated cores in Lake Michigan, is proportional to a linear combination of the yearly atmospheric emissions from the burning of coal and
gasoline in Chicago. The pr0portion of coal derived lead was adjusted to
reproduce the lead distributions several centimeters below the sedi
ment-water interface. Having found a combination which successfully
described the stable lead in our dated cores, we used this

source

function to infer the sedimentation rate (and mixing depth) in a series of
undated cores for which the lead distributions were measured.1 We
believe that we can now use stable lead as well as Pb 210 to obtain
average sedimentation rates in southern Lake Michigan.
Since the Pb 210 ux at offshore stations is comparable to the
ux of Pb 210 to the lake surface at this latitude (0.2 PCi/cmZ/yr), stable
lead as well as Pb 210 reaching offshore locations may be primarily of
atmospheric origin. While there are no measurements of Pb 210 in Lake
Michigan tributaries, it is probable that the concentration of unsupported
Pb 210 is negligible, inasmuch as Pb 210 falling upon the watershed
seems likely to remain xed in the soil, like Cs 137. In this case, we can
calculate the fraction of lead in the sediment at a given location derived
from the nonatmospheric sources by subtracting the atmospheric component according to the proportion of unsupported Pb 210 there. A
comparison of time-equivalent uxes showed that approximately 50
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percent of the total lead present in the inshore muds was
derived from
nonatmospheric, presumably tributary, sources. This result
is consistent
with the results of the 08 137 measurements. Since tribut
ary rivers may
constitute a considerable source of anthropogenic lead in
contrast to
CS 137, it is necessary to reconcile the fact that
the 05 137 and stable

lead deposition in the inshore muds are more or less
equally concentrated, although their sources and their geochemical proper
ties appear to
be very different.
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Summary
Ecological Effects of Energy-Related
Ef uents Workshop
S. A. Spigarelli
Argonne National Laboratory, Argonne, Illinois
he purpose of this workshop was to determine the current
status and future needs of research related to the assessment of ecological impacts of energy-related ef uents to the Great
Lakes. It was intended that the workshop provide a priority listing of
demonstrated problem areas that should receive immediate attention and
research support.
The workshop was attended by eight participants who contributed review papers on aquatic communities and regulatory functions.
Discussions of topical areas involved invited participants and interested
observers. The following are summaries of the present status of research
and knowledge and future research needs.
Status of Research and Knowledge

It was abundantly clear throughout discussions that many
people who are active in Great Lakes research or management activities
are frustrated by the following facts: little or no effort has been made on
the part of large funding agencies to identify their needs or to coordinate
research efforts within geographical regions or ecosystems; the support
of basic ecological research has been withdrawn in favor of applied or
problem-solving research, despite the fact that basic ecological understanding of the Great Lakes is quite primitive; and considerable expense
has gone into site-speci c monitoring with little attention to quality
control or applicability to lakewide assessments of impact. Despite the
apparent abundance of information, many important areas of research
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have been neglected, which precludes comprehensive assessm
ent of
impacts.

Although standardized taxonomic identi cation is requisite to

meaningful biological research, the taxonomy of Great Lakes microbe
s

(bacteria, fungi, protozoa, etc.) is totally inadequate. Studies of phy

toplankton and primary productivity are often dif cult to compare
or

evaluate because of the lack of standardized keys and reference collec

tions. Some monitoring studies yield taxonomic identi cations that
are

suspect because the personnel making these identi cations are not
trained in taxonomy.
Our understanding of distribution abundance and variability
in space and time are most advanced for sh and benthos, but are

generally inadequate for most biological communities. Extreme spatial

and temporal variability in abundance and diversity complicate sampling
strategies and data analyses. The monitoring data gathered by the
utilities at most power plant sites could complement existing published
information if they were made available and were reasonably free of
error. Future monitoring studies should be closely coordinated and
scrutinized to maximize the value of the site-speci c data produced and
the applicability to lakewide assessments. This approach is being consid
ered by the Lake Michigan Cooling Water Studies Panel.
The basic ecological processes which drive large lake ecosystems are not well understood, especially energy ow and trophic relationships. Primary production has been extensively studied and the role
of major nutrients as limiting factors in production and species succession
of phytoplankton is being determined. Phosphorus has been de nitely
linked to overall productivity, and silicon depletion is thought to limit
diatom production, resulting in temporal shifts to green and blue-green
algae. Recent studies in all ve Great Lakes suggest that phosphorus
inputs are causing increased primary production. Many of the phyto
plankton species have all but disappeared, while some exotic forms are
becoming quite common (e.g., halophilic species).
Natural physical phenomena have a major in uence on com
munity structure and transfer processes, but the interactions between
physical and biological phenomena are not well understood. Therefore,
phenomena such as upwelling, strati cation, thermal bar, overturn,
current structure, and internal waves must be investigated to determine
their role in the cycling and transport of biota and materials (nutrients
and toxicants). Unfortunately, research programs often cannot adopt a
multidisciplinary approach because of insuf cient funding. In addition,
the inability to overcome inertia has prevented interdisciplinary cooperation within the scienti c community.
Perhaps the most commonly discussed de ciencies were sam-
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pling and experimental methodologies. In some cases (e.g., microbial
communities), few techniques are available for sampling or culture of

organisms. It was recognized by all those present that ecological meth
odology must be improved and standardized beforeresults from different
studies can be compared or subtle effects can be demonstrated.
The biological effects of four general energy-related problems

were discussed:
(1)

Nutrient and organic material loading and cycling.

Inputs of phosphorus and nitrogen are causing measurable
direct increase in primary production and possibly secondary effects on
consumer populations. Organic material loadings (e.g., sewage, agricultural runoff,tributary inputs) are known to affect production and species
composition of benthic organisms. The role of decomposers (bacterial)
and benthos in the regeneration and transformation of nutrient materials
is of major signi cance. Zones of impact have beendelineated by indica
tor species, diversity indices, and production estimates.
(2) Thermal loading of inshore waters.
Despite considerable work on the effects of elevated water
temperatures on individual organisms and at speci c sites, few de nitive
studies have addressed the combined effects of numerous discharges on
community structure or trophic relationships. Almost no data exist
dealing with in situ thermal effects on microbial communities. Temperature and nutrient effects on phytoplankton have not been individually
quanti ed or separated from the effects of other limiting factors. There is
limited information on temperature effects on zooplankton, benthos, and

attached plants. Temperature tolerances of various species and life
stages of sh are well documented, but actual exposures and subsequent
effects in nature have not been studied in detail. It was apparent from
our discussions that water temperature is considered to be a major
limiting factor in all biological processes and that inconclusive results in
some thermal effects research projects are due to incomplete background
data bases and faulty experimental design.
(3) Water intakes, entrapment, and condenser passage.
Numerous water intakes (industrial, municipal) are situated
in the inshore zones of the Great Lakes, and these structures are often
considered to be massive mechanical predators. It has been demon
strated that both planktonic and motile organisms are entrained with
intake water. In some cases (e.g., once-through cooling) planktonic
organisms are returned to the lake, possibly suffering damaging effects
from temperature shock or mechanical abrasion. In other cases (e.g.,
municipal drinking water intakes) all entrained organisms are destroyed.
The effects of condenser entrainment on planktonic organisms (phytoplankton, zooplankton, and ichthyoplankton) are variable depending on
season, species composition, and condenser design. However, the impact

_
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of condenser and entrapment mortalities on community dynamics
and
trophic relationships is unknown. Likewise, physical
and biological
factors which affect spatial distribution of biota and the magnitude of
intake effects have not been identi ed.
(4) Toxic materials and radionuclides.
The transport, fate, and effects of man-made and
natural
toxic materials are extremely important because the Great Lakes
are

used for drinking water and food production, and because these materials
can have toxic effects on aquatic organisms. Recent studies have demonstrated potentially dangerous levels of chlorinated hydrocarbons in sh
used for human consumption. Controversy is developing over the impor
tance of natural and man-made sources of some toxic trace elements
(e.g., mercury). Thus, it is imperative that source inventories be developed; that biogeochemical pathways be identi ed; and that lethal and
chronic toxicities of suspect materials be determined. Study of the
biogeochemical cycling of these materials necessitates coordination between physical, chemical, and biological ecologists.
Research Needs and Recommendations

It is apparent from the above discussion that many important
basic questions have not been answered; in fact, some have not yet been
addressed by the scienti c community. It must be noted, however, that
concentrated research effort has only been applied to these problems for
less than a decade.
If the ecologists are to go beyond simple demonstrations of
effects (e.g., experimentation on captive laboratory animals or at speci c
sites) and eventually make signi cant interpretive evaluations, we must
increase our efforts to understand basic processes within the Great Lakes
ecosystem. The following recommendations are aimed at expanding our
basic knowledge of the Great Lakes, improving our methodological
de ciencies, and identifying and controlling deleterious pollutants:
(1) Limit inorganic (phosphorus, nitrogen) and organic
(sewage, particulates) nutrient inputs where technically practical. Develop source inventories to identify major inputs and needs for control.
(2) Develop seasonal distribution maps of important biological communities (organisms) using existing data (including site speci c
monitoring data). Identify representative organisms and sensitive habitat areas.

(3) Develop source and distribution inventories of suspect
toxicants and determine toxicity levels for representative organisms.
(4) Increase research effort on microbial communities relating taxonomy, physiology, and functional relationships to cycling of
nutrients and toxic materials.
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(5) Determine the role of physical phenomena (e.g., currents, upwelling, strati cation) on distribution of biota and transport of
materials.
(6) Develop appropriate methodologies to minimize eld
sampling variability and to allow laboratory culture of sensitive organisms. Develop standard keys and reference collections for Great Lakes
organisms.
(7) Determine standing crop, recruitment, and natural mortality of representative organisms. Relate entrainment and entrapment
mortalities to community level dynamics (natural mortality, recruitment,
etc.).
(8) Create a mechanism for identifying lakewide management goals and integrating these goals with regulatory policy and research planning.
(9) Initiate an interagency, multidisciplinary study of the
biological and physical factors that control energy ow, trophic structure,
and population dynamics in Lake Michigan, because various areas of the
lake are representative of all the Great Lakes. Establish a small interagency eld laboratory on the shore of northern Lake Michigan to
accommodate personnel (about 20 people) and lab equipment. This lab
will serve as a base of operations for the study and will allow scientists to
spend extended periods of time on site.
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In uence of a Point Source Pulp Mill
Ef uent Discharge on the Nearshore

Bacterial Communities in Lake
Superior
S. S. Rao, D. A. Rokosh, and A. A. Jurkovic

Microbiology Laboratories, Applied Research Division, Canada Centre
for Inland Waters, Burlington, Ontario, Canada

The distribution and densities of aerobic heterotrophs, sulfur-cycle bacteria, and health-oriented bacterial populations (coliforms,
fecal coliforms and fecal streptococci) were measured and compared with
sodium, sulfate, carbon, nitrogen, and phosphorus concentrations at
distances of up to 19 km from the ef uent discharge and within a 500 km2
area.
The maximum bacterial populations occurred within 250
meters of the e luent discharge. Aerobic heterotroph populations
averaged 2.6 x 105/ml within 250 meters of the e tuent. Their numbers
declined logarithmically over the rst 1800 meters, and reached constant
levels of 4.3 X 103/ml at 1800 meters, and? X 103/ml commencing at 5000
meters. They maintained population levels comparable to the main lake
(1.8 x 102/ml) at 10,000 meters to 19,000 meters from the source.

Health-oriented bacterial populations showed a logarithmic
decline within the rst 2000 meters beyond which their levels were similar
to main lake levels.
Within 250 meters of the ef uent discharge, sulfur-cycle bac
teria were found to be higher than health-oriented indicator bacteria, but
they were only 1/10,000 of the heterotroph population. Sulfur cycle
populations also declined logarithmically within the rst 1800 meters,
and constant populations were observed from 1800 meters to 2300 meters.
Between 3000 meters and 10, 000 meters, organic sulfur reducers and
Desulfovibrio sp. increased to four times the levels seen in the previous
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zone,

while

Thiobacillus showed a decline.

Beyond 10,000 meters

numbers of sulfur cycle organisms reached baseline levels.
Chemical parameters considered in this study were sodium,
sulfate, carbon, nitrogen, and phosphorus. Observations on their distribution were that their concentrations dropped logarithmically and
relatively faster than bacterial populations within the rst 1000 meters,
but unlike heterotroph populations, they could only be detected up to 3000
meters. The failure of chemical data and the use of bacterial biotypes and
densities to de ne or delineate the impact zone and zones of in uence in
the receiving waters are discussed.

An aquatic ecosystem is composed of both biotic and abiotic
factors, all closely interrelated. These interrelationships
can be altered by many factors. One such factor is the introduction of
various extraneous substances, such as industrial wastes. The extent of

this disruption depends on the volume and composition of the waste and
ability of the receiving water to dilute and overcome the effects of the
waste.

In order to determine and identify problem areas in the lake,
and to provide guidelines for future research needs, several environ~

mental research studies were initiated during 1973 74, one of which was
designed to study the effects of industrial waste discharges from a
northern Ontario pulp mill on the inshore and offshore microbial communities in Lake Superior. The main objective of this study was to evaluate
whether bacterial populations or chemical parameters could best determine the zones of impact and the in uence of pulp mill effluent on the
receiving lake waters. Fertilization of any water body is in uenced to a
large extent by organic and inorganic nutrient in ux1 which affect
bacterial populations.2 Organic substrates are relatively richer in energy
than inorganic substrates, and they would have a greater in uence on
microbial growth.3 Aerobic heterotrophs were considered because of
their extreme sensitivity to levels of organic nutrients, which makes
them a good indicator of the lake s trophic status. 1 Sulfur cycle organisms
were measured because they respond to constituents from sulfur-based
wasteSv6 in the pulp mill ef uent. Health-oriented bacterial populations
(total coliforms, fecal coliforms, and fecal streptococci) were used to

assess the effect of municipal waste discharge on the receiving waters
and the regrowth phenomena associated with paper mill effluents.7
This paper summarizes results of our studies on the enumeration of aerobic heterotrophic, sulfur-cycle and health-oriented bacterial
populations as affected by the waste in the nearshore and offshore zones.
Determination of the chemical biological parameters under the in uence
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of a discharged waste will, therefore, enable the identi
cation of zones of
in uences of waste in the receiving waters.
Methods
Water Sampling

Samples were obtained from predetermined statio
ns on a
zonal grid radiating from the ef uent discharge area
to a distance
extending 19 kilometers into the receiving waters (Figure
1). Additional
samples along the plume, by dye tracking techniques,
were obtained
from other groups involved in chemical and biological
studies. Water
samples were collected at 1 meter and 10 meter depths or 1 meter
and 2
meters off the bottom if the depth was less than 10 meters
. These
samples were stored at 4°C, and transferred to shorebased laboratory.

Bacteriological Analysis

Aerobic heterotrophic bacterial populations were deter
mined

on a low nutrient agar medium.a Bacterial colonies were
counted after 7

days incubation at 20°C and recorded as number per milliliter.
Numbers
of bacteria involved in the sulfur cycle (Thiobaclllus sp., Desulf
om'brio
sp., and organic sulfur reducers) were determined by a 5-tube
most
probable number (MPN) technique.9 Inoculated tubes were incubated at
20°C for 21 days. Tubes showing positive reactions were counted, and
the
results were recorded as number per milliliter.
Health-oriented bacterial populations were determined by
membrane ltration (MF) techniques using 0.45 p. membrane lters. At
the end of the appropriate periods of incubation, colonies were counted
and recorded as number per milliliter.9
Chemical Analysis

Chemical analyses on all water samples collected were performed by the Water Quality Laboratory personnel by the PhilbertTraversy method.10 The analyses tested for total and soluble organic
carbon, total particulate nitrogen, total ltered and un ltered and soluble
reactive phosphorus, sodium, and sulfate.
Results

Nipigon Bay (Figure 1), situated in the northern shore of
Lake Superior, approximately 100 kilometers northeast of Thunder Bay,
Ontario, was chosen for the study. During the study period the bay was
under the in uence of pulp mill ef uent discharge (9.4 X 107 litres per
day) containing 626 mg/l dissolved solids, 71 mg/l suspended solids, and
456 mg/l sodium sulfate. The bay was also slightly in uenced by the
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Study Site: Nlpigon Bay, Ontario, 1974

municipal waste discharges from the town of Nipigon with a population of
2629 and the town of Red Rock with a population of 1896.12
Bacterial densities within 250 meters of the ef uent source
are shown in Table 1. At the outfall, aerobic heterotrophs, requiring
organic carbon as an energy source, were most numerous with populations of 2.6 X 105/m1. Densities of sulfur-cycle organisms were 4.3 log
orders lower than heterotrophs, with organic sulfur reducers being the
most numerous. Numbers of health-oriented bacteria were 5 log orders
lower than heterotrophs with total coliforms being the most numerous.
Heterotroph densities at 19 kilometers were reduced by a
factor of 3 log orders compared to the outfall areas, and were 0.3 log
orders higher than the main lake body measured in 1973.13 Numbers of
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Bacterial Populations per ml 250 Meters from Effluent

Outfall, 19 Kilometers from Outfall and in the Main Body of Lake
Superior
At 250 meters
Bacteria

Heterotrophs
Organic sulfur reducers
Thiobacillus sp.
Desulfovibrio sp.
Total coliforms (MF)
Fecal coliforms (MF)
Fecal streptococci (MF)

At 19 km

In Main
Body

Arithmetic

Geometric

Mean

Geometric

Mean

Arithmetic

Mean

Mean

690,000
440
61
30
7.4

260,000
210
24
12
2.8

50 100

0.96
3.13

280
5
0.06
0.28
0.02

0.53
0.53

0.01
0.01

0.00
0.00

<o.10

'1973 IJC data

organic sulfur reducers and Desulfom'brlo sp. at 19 kilometers were 1.6
log orders lower and Thiobacillus sp. were 2.6 log orders lower than
effluent area populations. At 19 kilometers health oriented bacterial
p0pulations were less than 0.02/ml, and coliform populations were reduced by a factor of 2 log orders, and fecal coliforms and fecal streptococci were reduced by a factor of 1.7 log orders each. Numbers of all
health-oriented bacterial population at 19 kilometers were lower than the
main lake levels seen during 1973.13
Figure 2 shows the distribution of heterotrophs at various
distances from the outfall. Mean heterotroph populations decreased
logarithmically with distance over the rst 1800 meters. Between 1800
meters and 3000 meters heterotroph population were constant at

4.5 x 103/m1; between 4500 meters and 7000 meters, they were constant
at 1.8 x 103/ml; and between 10,000 meters and 19,000 meters, they

were constant at 2.8 X 102/m1. Since the average heterotroph densities
on the north shore near the Nipigon-Marathon area during 1973 were
similar to densities at distances greater than 10,000 meters from the
outfall, the population levels found beyond 10,000 meters were considered as baseline levels.
Health oriented bacteria (Figure 3) exhibited a similar 10garithmic decline in numbers in the rst 2000 meters and a constant level
between 2000 and 4000 meters (coliforms 6 x 10 2/ml, fecal coliforms

2 x IO-Z/ml, and fecal streptococci 1.1 x 10 2/ml). Beyond 4000 meters
total coliforms remained constant at an average of 2 x 10 2/ml, but fecal

coliforms and fecal streptococci were rarely detected.
Thiobacz'llus sp. and Desulfovibrio sp. (Figure 4) displayed a
logarithmic decline within the rst 1800 meters and then remained
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constant between 1800 meters and 2300 meters. Organic sulfur reducers,
the most numerous of the sulfur cycle organisms, maintained a constant
population within the rst 700 meters, followed by a logarithmic decline
before stabilizing at 1800 meters. In the 3000 meter to 10,000 meter
range, the density of organic sulfur reducers and Desulfovibrio sp. were
at constant but elevated levels four times greater than in the 1800 meter
to 2300 meter zone. They then decreased to baseline levels at distances
greater than 10,000 meters. The densities of Thiobacillus sp. continuously decreased between 3000 meters and 10,000 meters, beyond which

they reached baseline levels.
Changes in chemical parameters at increasing distances from
the ef uent source are shown in Figures 5 and 6. Sodium sulfate was
released in the ef uent at an average rate of 47.5 tons per day at a
calculated ef uent concentration of 147 mg/l of sodium and 308 mg/l of
sulfate.11 Measured concentrations in the ef uent were 180 mg/l of sodium
and 130 mg/l of sulfate (Figure 5a). Concentrations of these two ions
decreased logarithmically over the rst 700 meters at rates greater than
the decrease in bacterial populations. Beyond 700 meters the decrease
was at a slower rate, the sulfate concentrations reaching lake level
concentration at 3000 meters. Concentrations of carbon compounds
(Figure 5b), nitrogen compounds except nitrite and nitrate (Figure 6a),
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and phosphorus (Figure 6b) showed a similar logarithmic decline over the
rst 700 meters and reached constant lake values beyond 3000 meters.

Concentrations of nitrite and nitrate nitrogen near the e iuent were
lower than lake concentrations. These concentrations increased with
distance from the e iuent source, but beyond 3000 meters, concentrations were similar to lake levels.
Discussion and Conclusion

The object of the study was to compare and evaluate the use
of either chemical or bacteriological parameters to delineate the zone of
impact and the in uence of pulp mill ef uent in receiving waters. Chem '
ical parameters gave an approximate indication of dilution of the ef uent
over the rst 700 meters and persisted slightly above normal lake
concentration up to 3000 meters. Chemical measurements could not

detect the zone of in uence beyond 3000 meters.
Bacterial analysis of the area through selected biotypes and
densities identi ed four zones extending up to 10,000 meters.
(1) Zone of Logarithmic Decline (0 1800 meters)
All bacterial populations showed a logarithmic decline in
densities up to 1800 meters from the outfall. This was approximately
1100 meters farther than chemical parameters. This decline represents
either a dilution of the initial high bacterial populations which may be
present in the ef uent itself, or a dilution ofnutrients limiting bacterial
growth in the vicinity of the e iuent outfall. In general, bacterial densities declined at a lower logarithmic rate than chemical parameters. This
lower rate of bacterial decline is probably due to a combination of the
increase in numbers due to their multiplication minus dilution rate.
(2) Primary Equilibrium Zone (1800 3000 meters)
The zone between 1800 meters to 3000 meters in the case of
heterotrophs, between 2000 meters to 3000 meters in the case of health
oriented bacteria, and between 1800 meters to 2500 meters in the case of

sulfur-cycle organisms, was characterized by constant populations at
levels much higher than baseline levels. Bacterial densities were substantially higher than the main lake levels; this would imply that these
zones were still under the in uence of the waste and had suf cient
nutrients to support these evaluated populations. However, these limiting nutrients were not identi ed, although concentrations of carbon,
nitrogen, and phosphorus were approximately 1.5 times normal lake
levels in this zone.
(3) Secondary Equilibrium Zone (3000 10,000 meters)
This zone was characterized by relatively lower heterotrophic
and Thiobacillus sp. populations than the previous zone, but it still
supported populations above the main lake levels. However, densities of

T
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organic sulfur reducers and Desulfovilm'o sp.
were nearly four times that
of the previous zone. Although chemical param
eters in this zone were
identical to the rest of the bay, it still suppo
rted elevated bacterial
p0pulations. The resurgence of populations
of organic sulfur reducers
and Desulfom'brio sp. could be explained by the
persistence of sufficient
concentrations of sulfur based compounds and
less competition for nutrients by reduced numbers of heterotrophs. Thus,
bacterial parameters
describe a zone under the in uence of waste ef
uent to a distance of
10,000 meters from the point source, nearly 7000
meters beyond that
indicated by chemical parameters.
(4) Baseline Zone (beyond 10,000 meters)
In this zone densities of heterotrophs were reduc
ed by a
factor of 8 from the previous zone and were 2 times
that of main lake
levels. Densities of health-oriented bacteria were simila
r to those in the
main body of the lake. Sulfur cycle bacteria were also
at reduced populations. The bacterial parameters indicated that this area
was probably
. not under the in uence of the waste discharge.
Of the bacterial types measured, aerobic heterotrop
hs were
the most numerous both at the source and up to 19 kilome
ters into the
lake. Heterotrophs were 5 log orders higher than the healthoriented
bacteria at the ef uent outfall. The densities of aerobic hetero
trophs
exceeded baseline lake levels up to a distance of 10,000 meters
, while the

densities of health-oriented bacteria exceeded baseline lake levels
up to
5000 meters for total coliforms and fecal coliforms, and up to 3000 meters
for fecal streptococci. Thus, heterotrophic bacteria are the more sensitive indicators of the extent of ef uent effect. Sulfur cycle organis
ms
were also much less numerous than heterotrophs, and thus are a less
sensitive indicator of the pulp mill waste. However, sulfur-cycle bacterial
measurements delineated the zone of sulfur based waste up to 10,000

meters.

Therefore, it would appear that these bacterial populations,
and particularly aerobic heterotrophs, could not only serve as valuable
tools for assessing the extent of waste and control measure effects, but
also as better indicators of zones of impact and in uence of nutrients
input in receiving waters than the presently used chemical parameters.
This implies that the extreme sensitivity of these aerobic heterotrophs
could make the routine bacteriological monitoring of water bodies receiving waste materials an extremely valuable tool in assessing nearshore
water quality and trophic status.
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The Effects of Energy-Related
Ef uents on Phytoplankton
Communities*
Eugene F. Stoermer
Great Lakes Research Division, University of Michigan, Ann
Arbor,
Michigan
Attempting to construct a reasonably coherent
account of

phytoplankton communities in the Laurentian Great
Lakes, in the present state of the art, is a task to be approached
with a
substantial degree of trepidation. There are several reasons for
this. One
of the most serious fundamental problems is the lack of comprehensiv
e
and easily available taxonomic treatments of the organisms compri
sing
such communities. This problem makes the comparison of studies per-

formed in different laboratories dif cult and, in many cases,
almost

certainly misleading. An equally vexing problem is the apparent insta-

bility of the system, in both the short-term and long-term sense.
It has

been amply demonstrated1~2 that meteorological variations may profoundly affect both the qualitative and quantitative aspects of the phytoplankton ora in more perturbed parts of the system. Since long-term
studies are relatively rare, it is dif cult to determine if the results for
even a yearly sampling period are truly representative of average
conditions within the study area. This is further complicated by the fact
that most regions within the Great Lakes system have developed only
poorly quanti ed trends of increasing standing crop and population
succession.

.
l
i]

In the relatively brief treatment that follows I will not at-

T!

tempt a comprehensive review of the literature treating primary producer communities in the Great Lakes. Bibliographies of older litera-

ture are available. Much of the literature on phytoplankton communities5
*Contribution No. 190 of the Great Lakes Research Division, The University of Michigan.
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has been reviewed. Additionally, much of the literature pertinent to
particular parts of the system has been treated in research reports5a and
in recent general reviews of phytoplankton ecology. 12 I will attempt to
construct a very general picture of the current status of primary producer communities in the Great Lakes and to construct an outline of the

..

.

anthropogenic modi cations of such systems, as documented by selected

literature references. Any such account is apt to re ect the personal bias
of the author. In this case the reader should be warned that I have relied
rather heavily upon personal observations and on anecdotal information
in treating certain regions and topics, where published reports are few
and fragmentary.
It seems appropriate to begin this discussion with a consideration of the physical and chemical characteristics of the Laurentian Great
Lakes, especially the particular characteristics which tend to distinguish
them from other lakes.
The most obvious characteristic of the Great Lakes is their
size. Unlike most lakes, the Great Lakes occupy a signi cant portion of
their total drainage basin.12 Because of this and the fact that part of their
land drainage comes from poorly leachable rock types, the original
chemical composition of the lakes was qualitatively similar to rainwater.
In terms of the major nutrients required by primary producer communities, nitrogen is present in excess relative to silica and especially phOSphorus. It seems well established that phosphorus is the element which
controls productivity in most naturally oligotrophic lakes and especially
in the Great Lakes,13v v15 and that the degree of eutrophication, in the
strict sense, can be estimated by the degree of depletion of silica and
nitrogen successively during summer strati cation "6 in the Great Lakes.
This is particularly important because it implies succession from organisms requiring silica17 to those that do not, and eventually to those
capable of xing nitrogen 8 as a result of phosphorus pollution.
As Chandler19 has pointed out, the Great Lakes lie at the
boundary of two major climatic zones. Because of their great volume and
consequent heat capacity they furnish an extension of range for many
primarily boreal organisms, including important elements of the primary
producer communities. It also appears that the Great Lakes furnished an
extension of range in time for many organisms, in that species which
achieved their maximum abundance during the Pleistocene epoch could
nd refuge in their cold, clear waters. Because the Great Lakes are
relatively recent features of the earth s landscape,20 and there has not
been suf cient time to evolve highly adapted endemic oras characteristic
of more ancient great lakes of the world, 22 many of the populations
originally inhabiting them were apparently operating near the extremes
of their range. Such associations are especially susceptible to gross
modi cation by environmental perturbation.
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Lake Superior

Although our current knowledge of the Lake Super
ior phytOplankton ora is very unsatisfactory, available informa
tion7-9v23-24 suggests that the dominant elements are members of the
oligotrophic diatom
association and micro agellates, primarily chrysophytes and
crypto
monads. Particularly characteristic diatom species appea
r to be Cyclotella comensis Grun., C. comta (Ehr.) Kutz., C. glome
rata Bachm., C.
aperculata (Ag.) Kiitz., C. ocellata Pant, and
C. stelligem Cleve and

Grun. Many other species, including eurytopic forms such as
Asterionella

famosa Hass, Fragilam'a crotonensis Kitton, Melosz
'm islandica O.

Mull., and Tabellaria occulosa (Roth) Kutz., are present
and relatively
abundant. Although often comprising 20 30 percent of the
total assemblage, the micro agellates are poorly treated taxonomicall
y and a little
can be said regarding characteristic species. Eurytopic crypto
monads,
such as the ubiquitous Cryptomonas erosa Ehr. and Rhodomonas
min
uta Skuja appear to be important together with chrysophytes
such as
Chromulina spp., Dinobryon spp., and Ochromonas spp. Although
relatively rare in most parts of the lake, many species of green
algae
(Oocystis spp., Botryococcus braum'i Kiitz., Nephrocytium spp., Gloeo
cystis spp. , Quadm gula spp., Ankz strodesmus spp.) and blue-green
algae
(Dactylococcopsis spp., Anabaena spp. and Anacystis spp.) are commonly collected.
Standing crop levels appear to be low in all parts of the lake,
with some increase in Thunder Bay, White sh Bay, and in the western
basin, near Duluth.11 There is also some suggestion of increased abundance of green algae 25 and diatom species such as Stephanodiscus astraea
var. minutula (Kiitz.) Grun.7 in the western basin. There also appears to
be a general tendency towards higher levels of standing crop in nearshore
regions, but there are no extreme differences in species composition.
The majority of species important in the offshore ora appear to be
perennial with a weakly developed and irregular spring seasonal max1mum.
Lake Huron

At the present moment the phytoplankton ora of Lake
Huron is probably less well known than that of Lake Superior. Ongoing
intensive research efforts 26 should produce a more comprehensive analy
sis Within the next few years. Except for the oristic contributions of
Fenwick27-28 a brief survey reported by Parkos et a1.23 and Schelske and
Roth,9 most of our information comes from studies which are still underway, 29 and have not been completely summarized. On the basis of the
information available, it appears that the offshore waters of Lake Huron
are occupied by an oligotrophic phytoplankton assemblage, not greatly
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different from that found in Lake Superior. There is some suggestion of a

north-south trend towards replacement of strictly oligotrophic species of
Cyclotella (C. comensis), with more eurytopic forms (C. stelligem and C.
michiganiana Skv.) in the offshore water.29 However, standing crop

levels are remarkably uniform,11 and the assemblage is dominated by
diatoms at all seasons. Our current (unpublished) data indicate a considerable increase in standing crop at nearshore stations, particularly in the
southern basin of the lake during the spring bloom.
In striking contrast to the situation in the open waters of
Lake Huron, Saginaw Bay shows all of the classical signs of extreme
disturbance and hypereutrophy. Standing crop levels are at least an
order of magnitude higher than in the open lake, and there is extreme
seasonal succession in dominant populations.11 Early spring assemblages
are composed mainly of diatoms such as Stephanodiscus bindemnus
(Kutz.) Krieg., S. hantischii Grun., S. tenuis Hust. and Melosira distans

var. alpigena Grun. Minor elements of the spring ora include a very
heterogeneous mixture of species usually found in small, eutrophic lakes
and rivers. In some collections a considerable fraction of the biovolume is
composed of diatoms usually associated with benthic habitats (Sum'rella
and Nitzschia spp.) including some with primarily estuarinedistribution.
From midsummer to fall the phytoplankton ora of Saginaw Bay is
dominated by blue-green (Aphanizomenon os-aquae L., Anacystis
cyanaea Dr. & Dailey, Anabaena spp., and Oscillatoria spp.) and green
(Oedogom'um spp., Pediastrum spp., Scenedesmus spp., and Ulothrix
spp.) algae together with certain thermophilic diatoms (Coscinodiscus
subsalsa Juhl. Dannf., Melosim granulata [Ehr.] Rolfs and Fragilam'a
capucina Desm.). Occasional collections, especially during the early
spring and early summer transitional period, contain large quantities of
cryptomonads (Cryptomonas spp.) and dino agellates (Peridim'um spp.).
The impact of Saginaw Bay on the rest of the Lake Huron
system is of obvious interest. Preliminary results?9 indicate that most of
the nutrient input to the bay is utilized by populations within the bay. It
also appears that certain populations, particularly blue-green algae, are
transported to the lake more readily than others.
Lake Michigan

Considerably more information is available concerning longterm trends in phytoplankton abundance,30 species composition,10 and the
current temporal and spatial distribution of characteristic assemblages3 -32v33v34 in Lake Michigan than that for Lakes Huron and Superior.
This evidence suggests that there has been a long-term trend towards
increase in standing crop, particularly in the southern portion of the lake,
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and that this trend has been accompanied by a
restriction of range of
oligotrophic diatom species and introduction of sever
al important exotic
populations. Current evidence also suggests that silica
limitation induced

by phosphorus pollution

is causing a transition from year-round

dominance by diatoms to a ora dominated by other groups
during
summer str.':1ti cation. v3H At the present time Lake Michi
gan also has a
midsummer transparency minimum 6 similar to that
observed in Lake

Ontario!

There are currently considerable differences in
both the
qualitative and quantitative aspects of the phytoplankto
n ora of the
nearshore zone of Lake Michigan compared to the open lake.33v35v3"v39
During the spring warming period, standing crop levels
in the nearshore

zone are much higher than in the open lake, and the commun
ity is
dominated by a eutrophic diatom assemblage. Several membe
rs of this
assemblage, particularly Stephanodiscus binderanns and S. tennis,
are
apparently not indigenous to Lake Michigan. They rst appeared in the
ora during the 1930s, and increased in abundance suf ciently to
constitute a serious nuisance in the Chicago region by the 1960s.40 They are now
dominant elements of the spring nearshore ora throughout the lake.
During the spring warming period the offshore waters are still dominat
ed
by mesotrophic and eurytopic diatom and micro agellate species. There

appears to be a north-south differentiation in the ora of Lake Michigan,

with certain oligotrophic Cyclotella species being restricted primarily to
the northern part of the lake. 1
Midsummer standing crop levels in Lake Michigan remain
low, relative to the spring bloom maximum, except in local regions near
shore where inputs of nutrients result in very high populations of
thermophilic diatoms.3W Although the areas occupied by these blooms
are relatively small, they can constitute a severe practical management
problem.
The extremes of phytoplankton assemblage differences are
found in two semi isolated regions of Lake Michigan. Southern Green
Bay is characterized by very high levels of standing crop and a pronounced seasonal succession of eutrophic species including nitrogen- xing blue-green algae 18 during the summer and fall. The general characteristics of this region appear to be similar to Saginaw Bay of Lake
Huron and to western Lake Erie. The phytoplankton of Grand Traverse
Bay, on the other hand, seems to be similar to that of northern Lake
Huron in terms of species composition and seasonal succession, although
standing crop levels are somewhat elevated. 3
Lake Erie
Compared to the upper lakes, the phytoplankton ora of Lake
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Erie has been relatively well studied over a considerable period of time.
Although early studies show that Lake Erie, particularly the western
basin, has been more eutrophic than the upper lakes for some time,
Hohn showed that the diatom ora changed greatly during the period
that water quality problems became grossly apparent. His study and
others 4 indicate that great seasonal variations were present, at least in
the western basin of the lake, and that pollution tolerant species introduced rst occurred as limited blooms and subsequently became
important. It is interesting to note that the absolute abundance of some
eurytopic diatoms did not appreciably change during this period, al
though their relative abundance declined drastically.
At the present time it appears that the phytoplankton ora
of Lake Erie is dominated by species tolerant of pollution, but that there
are considerable differences between the eastern, central, and western

basins in terms of both species composition and seasonal succession. The
most striking differences are in nuisance producing species, such as
Aphanizomenon os-aquae, which is very abundant in the western basin,
but only a minor element of the ora in the eastern basin. Besides the
difference in nutrient loadings in the three basins, morphometric effects 5
appear to play an important part in controlling population succession.
This factor apparently accounts for the maintenance of thermophilic
diatom populations in the western basin of the lake during the summer
and for the early initiation of the spring bloom in this region. In general,
the qualitative aspects of the phytoplankton ora of western Lake Erie
are very similar to Saginaw Bay and Green Bay, While the ora of the
eastern basin is more similar to that of Lake Ontario.
Lake Ontario

The historic aspects of the Lake Ontario phytoplankton com
less well known than those of Lake Michigan and Lake Erie,
are
munity
because most of the early studies were concentrated on nearshore areas,
and the historic samples available have not been recovered and studied.
Comprehensive studies undertaken during the past few years 11 have
provided a reasonably detailed picture of phytoplankton assemblage
composition and areal and seasonal distribution. These papers also ref
erence earlier studies and furnish some historical context for the changes
which have taken place in this lake.
As with Lake Michigan, spring phytoplankton succession in
Lake Ontario seems to be strongly controlled by the excursion of the
thermal bar. 2 Certain diatom species (Stephanodiscus binderanus, S.
tennis) are important components of the early spring nearshore ora in
both lakes. In Lake Ontario, however, these species eventually occupy all
of the lake in considerable abundance whereas they remain restricted to
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nearshore waters in Lake Michigan. Total assemblage
numbers are also
considerably higher in Lake Ontario than in the upper
lakes, and ap
proach those found in Lake Erie in basinwide average.
The early spring
phytoplankton assemblage of Lake Ontario also appea
rs to contain large,
but apparently quite variable, components of green algae,
particularly
Scenedesmus bicellulam's Chod., and a diverse assemblage
of agellates.
During the development of the thermal bar there are striki
ng differences
in both abundance and composition between the inshore and
offshore
ora. Such differences persist to some extent throughout the
year, but

following strati cation, these differences are more
local and associated

with particular ef uent sources.
The phytoplankton ora of Lake Ontario is highly seasonal,
with successive blooms of particular species throughout the summer and
fall. Green and blue-green algae are particularly important during
the
summer and are replaced to some extent by eurytopic diatom taxa in the
fall. During both seasons, local dense populations of agellates are often
noted. Minimum standing crop levels are found in late winter (February),
and assemblages at this time are composed mostly of diatoms and
micro agellates. One of the conspicuous forms routinely found is
Surirella angusta, a diatom usually associated with benthic habitats.
Although it is similar to Lake Erie, Lake Ontario seems to
have some longitudinal differentiation, with the shallow far-eastern
segment showing the classic signs of hypereutrophy including consistently high standing crop levels, early initiation of the spring bloom, and
summer assemblages characterized by nuisance producing blue green
algae.

Summary

The phytoplankton communities of the Laurentian Great
Lakes, with the possible exception of northern Lake Huron and Lake
Superior, re ect a high degree of modi cation of an originally oligotrophic to mesotrophic system. The greatest apparent degree of change,
and the most obvious current water quality problems have occurred in
regions such as Green Bay, Saginaw Bay, and western Lake Erie, where
a combination of natural physical factors and high anthropogenic loadings
have driven these systems to near their physical limits of productivity.
It should be emphasized, however, that such regions were probably
highly productive in their pristine state, 7 and that the relative degree of
phytoplankton assemblage modi cation, in terms of population structure
and seasonal succession, is equally great throughout Lake Erie and Lake
Ontario and is being approached in Lake Michigan. Some evidence
suggests considerable recent increases in productivity even in Lake
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Superior, although technical problems render the comparison somewhat
questionable.
It is well established that the primary factor controlling
phytoplankton productivity and succession in the Great Lakes is nutrient
pollution, or eutrophication in the strict sense, and that phosphorus is the
controlling element. While increased productivity and gross successional
changes resulting from consequent limitation of the other nutrients can
be accounted for by phosphorus pollution alone,15 experiments on the
Great Lakes and similar systems48 suggest that this single factor will
not account for other patterns, such as the introduction of particular
nonindigenous diatom species which has occurred in all disturbed parts of
the system. Consideration of the general distribution of these species
indicates that they are all, to a greater or lesser degree, halophilic. Gross
conservative ion contamination 4" may be an important conditioning factor
allowing the replacement of indigenous oligohalobian species by these
forms.
Overlying these fairly obvious trends are the generalized
effects of environmental destabilization resulting from man s activities.
For example, the effects of gross modi cation of stream hydrographs
resulting from current land management practices undoubtedly are re
ected in both the timing and intensity of the nearshore spring phytoplankton blooms. Because all of man s activities are so intimately tied
to the utilization of energy, many of the problems with which this
symposium is concerned lie Within this poorly quanti ed general effect.
Because of the characteristics of the Laurentian Great Lakes,
two particular problem areas need to be emphasized.
The rst of these is the importance of the atmospheric route
in introducing contaminants to the lakes. Although inventories are not
yet complete, certain published studies 51 suggest that an important
fraction of the nutrient and trace metal inputs are introduced via the
atmosphere. In view of the apparently very serious eifects of general
atmospheric contamination, special emphasis should be placed upon
quantifying thecontrolling such inputs to especially sensitive systems
like the Great Lakes.
The second is the importance of physical, biological, and
chemical processes in the nearshore zone, especially during the early
spring, in determining phytoplankton succession throughout the lakes
and the effects of thermal addition on these processes. Most authors 46
have emphasized the importance of nutrient loading in the thermal
bar spring bloom phenomenon, but it is clear52 that nutrient effects
cannot be logically divorced from thermal effects. Unfortunately, the
multitude of practically-oriented studies of thermal ef uents in the Great
Lakes have been concerned primarily with local, instantaneous effects
and do not really speak to the larger question.
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The Effects of Energy-Related
Ef uents on Productivity, Biomass,
and Eutrophication in the Great
Lakes
Walter A. Glooschenko
Canada Centre for Inland Waters, Burlington, Ontario, Canad
a
In this discussion of the effects of energy-related ef uents
on
primary production, biomass, and eutrophication, I intend

to emphasize temperature as the dominant ef uent related to energy
production. This review paper will consider three main themes: what we
know about temperature and phytoplankton in general; a discussion of
studies relating to the effects of heated ef uents upon phytoplankton; and
a discussion of temperature-phytoplankton relationships in the Great
Lakes. Since two previous papers have dealt with the phytoplankton and
attached plant communities, I intend to emphasize primary production,
but the paper will include some possibly repetitive knowledge of the
Great Lakes phytoplankton community as it relates to temperature. It is
my hope that the reader of this brief review paper will conclude that it is
quite dif cult to distinguish temperature effects on productivity from
effects of other environmental parameters such as nutrients, light,
species composition of zooplankton, and physical processes.

General Aspects of Temperature-Phytoplankton Relationships

Temperature does not seem to be very important in the
production of phytoplankton in the sea is an interesting quotatibn from
an excellent review paper by Eppley.I Even though the paper is marine
oriented, its premises are applicable to fresh water in terms of temperature and photosynthesis rates per unit chlorophyll (assimilation number),
growth rates, chlorophyll/carbon ratios and relative nannoplankton/net-

-
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plankton abundance. Reviewing the literature, Eppley found an empiri
cal relationship below 40°C that pt, the maximum growth rate of phytoplankton in doublings/day, was related to temperature by the following
Van t Hoff type equation, log10 u

=0.0275 T

.070 with a Q10 of 1.88. In

terms of selected temperatures 0, 10, 20 and 30°C, this would give p.
values of approximately 1, 1.5, 3 and 5.5 doublings/day, respectively.
Above 40°C, Eppley was unable to nd any further increases in it. He
pointed out that in nature, both in the oceans and lakes, doubling rates of
1.5 divisions/day appear to be the maximum, and he stated in regards to
temperature that attempts to compute photosynthetic rates would generally be inaccurate, and unrealistic as well, unless radiant energy and
concentrations of essential nutrients were also considered, i.e., tem-

perature would set maximum growth rates, but not speci c growth rates.
Epply also presents a direct, non linear relationship between temperature and assimilation number which appears to be a function of species
composition. Basically, higher temperatures cause increased nannoplankton/netplankton ratios which inherently lead to higher values of it.
Two other comprehensive review papers of interest are those

of Patrick2 and Sorokin.3 Patrick feels temperature is an important factor
in controlling the succession of freshwater algae, but not the only factor.
In general, she reports that diatoms prefer 20 30°C, greens 30 35°C, and
blue-greens >35°C. As species reach their upper temperature limits, cell
division is repressed, photosynthesis inhibited, cell size often reduced,
and more 02 is needed for the increased respiration rate. Patrick also
points out that temperature can indirectly affect algae by such phenomena as increased nutrient regeneration by increased bacterial numbers,
reduction of O2 availability and subsequent release of toxic trace metals
from sediments, and effects upon herbivores. Such indirect effects could
complicate interpretations of the role of temperature upon algae. Sorokin s paper deals more with the physiology of high temperature strains of
green and blue green algae, which he does not believe can colonize areas
of heated effluents.
There are many other papers on effects of temperature on
algae, but in the opinion of this author, those mentioned above are a good
current summary of our knowledge in the area.
Heated Ef uent Effects on Phytoplankton

The limited literature on the effects of heated effluents on
primary production emphasizes two main areas: algae productivity in the
heated discharge plume from the power plant, and effects on algae by
entrainment and passage through power plants and/or cooling towers.
These papers have also included a discussion of chlorination of heated
ef uents, necessary to prevent slime-producing organisms from coloniz-
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ing on pipes. Even though most of these previous studie
s were on plants
located on rivers or estuaries, their results are applic
able.
Morgan and Stross studied the Chalk Point
plant on the
Patuxent River estuary in Maryland. Increased water
temperatures up

to 8°C increased primary production when natura
l water temperatures

were 516°C, but inhibition occurred when natural water
temperatures
exceeded 20°C. Chlorination caused almost total inhibition.
Similar studies on the same plant by Hamilton et al.5 again showe
d that most
Signi cant decreases in primary production of chloro
phyll a occurred
when chlorination took place. Carpenter et al.6 studied a
nuclear plant on
Long Island and found no effect on productivity of entrai
ned phytoplankton at temperature increases of 13°C, except upon
chlorination
when up to 83 percent inhibition was found. Brook and Baker7
found
similar results at a plant on the St. Croix River near Minneapolis
where
temperature increases of 9 11°C reduced primary production
by 5 15
percent without chlorination, and from 50 90 percent when chlorin
e was
added. However, passage through cooling towers appeared
to be fol
lowed by a 70 80 percent recovery of initial productivity.
Only two papers on the Great Lakes appear in the literature.
One was a study on the Nine Mile Point nuclear plant on the southeastern
N.Y. portion of Lake Ontario. Temperature increases of up to 13.5°C
appeared to cause slight, but not signi cant, inhibition of primary production. Beeton and Barker8 studied the effects of the Oak Creek plant
on Lake Michigan. Temperature increases of 2 7°C had no apparent
effects on chlorophyll levels, but entrainment caused up to a 64 percent
increase in primary productivity.
Temperature-Phytoplankton Relations in the Great Lakes

In this section, I intend to review what is known about

temperature effects on biomass (both cell volume and chlorophyll a.) and
primary production in the Great Lakes by individual lake. Since pertinent
Lake Superior studies were only recently completed and data are not yet
completely available, this lake will be discussed in a limited way.
Lake Ontario

In Lake Ontario, biomass, as measured by chlorophyll a,
exhibits a classical bimodal cycle in inshore water with spring and fall
peaks; a unimodel late summer peak in the deeper portions of the lake,
which termally stratify last; and a series of pulses in shallower nutrientrich waters, especially in the eastern portion (Glooschenko et al.9). Total
cell volumes exhibit a unimodal late summer peak offshore and a rough
bimodal pattern inshore with a double spring peak and greater late
August peak (Munawar & Nauwerck ). The cause of differences of cycles

;
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in inshore and offshore waters probably can be related to thermal
structures such as presence of the thermal bar (Rodgers ) and a later
onset of thermal strati cation. Thus, in offshore waters, temperature is

an important factor and biomass appears directly proportional to it, but

in inshore waters, the spring bloom occurs at temperatures of 4 9°C

(Gachter et al.12). This indicates that higher temperatures may not be

necessary for maximum biomass production; rather, temperature may be
more important in stratifying the water column, thus promoting stability
and decreasing vertical mixing of algae, causing the spring pulse to occur.
In terms of primary production Glooschenko et al.13 have
shown that maximum surface (to 5M) production on a volume basis (mg C
111'3 hr ) occurred in early May inshore of the thermal bar, while little
difference was noted lakewide after the thermal bar broke up and
lakewide strati cation occurred. Part of the reason for this is that
upwelling occurs in Lake Ontario along the north shore during the summer, and the colder waters appear less productive as higher nutrient
levels do not seem to be associated with upwelling. Thus, in Lake
Ontario, higher temperatures appear to cause increased productivity if
nutrient limitation is not present.
A look at assimilation number data (mg C xed mg chlorophyll
(1"1 hr ) may further clarify this. Highest assimilation numbers in Lake
Ontario occur during the summer (Glooschenko et al. ), and there does
appear to be a signi cant positive correlation between temperature and
assimilation number in both inshore and offshore regions of the lake
(Stadelmann et at ). Thus higher assimilation numbers imply increased
productivity at higher temperatures and an increased rate of carbon
turnover. Of course, it is hard to ascertain mechanisms, but perhaps the
green and blue-green algae present in the summer may possess in
herently higher assimilation capacity compared to diatoms which .dominate the phytoplankton community when the thermal bar is present.
Therefore in Lake Ontario, increased temperatures do appear to have the
potential of increasing both productivity and biomass, if nutrient limitation is not present.
Lake Erie

The cycles of phytoplankton of Lake Erie appear to be bimodal, with the exception of the eastern basin which does not exhibit any
clear cut cycles of chlorophyll a or algal cell volumes (Glooschenko et a1. ,15
Vollenweider et al.16). The spring maximum in the western basin appears
to occur under the ice during March, and a large late summer (late
August) peak also occurs. Thus the spring maximum is at 3°C 5°C.
Maximum biomass by volume and maximum values of chlorophyll (1 occur
at the end of summer in the central basin. Using multivariate analyses, I
have not found a signi cant correlation between biomass and tempera
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ture (Glooschenko ). However, this could be masked by
other factors

in uencing biomass values, including grazing, vertica
l settling, and horizontal advection by currents.

In terms of primary production (Glooschenko et all ) highes
t
values occurred during the late summer. For example,
in the central
basin, a positive correlation of r = +0312 between produc
tion and
temperature was found (p < .001). Thus, temperature appear
s to be
an important factor in Lake Erie. Assimilation numbers were bimodal
with peaks in May and in the late summer, but no statistically
signi cant
correlation was found with temperature, even though a positiv
e trend
was noticed. Perhaps changes in species composition and nutrien
t patterns masked this temperature relationship.
Lake Huron

Phytoplankton chlorophyll a exhibits a weak bimodal pattern
with maxima in late April and late October and an early summer
minimum (Glooschenko, et all"); so no temperature relationship with
biomass was apparent as maximum temperatures occur in late August.

This was veri ed by multivariate analysis of the data. Primary produc-

tion, however, exhibited a clear summer maximum. Also, assimilation

numbers were highest in summer and showed a signi cant positive
correlation with temperature (r = +.700, p

<

.001). Because the ma-

jority of the biomass was composed of diatoms throughout the year, this
temperature-assimilation number relationship may be more apparent
than in Lakes Erie and Ontario, which exhibited more complexity in
species composition.
Lake Michigan

Phytoplankton biomass in Lake Michigan is apparently similar to that in Lake Ontario in that the mid-lake appears to be unimodal
and inshore waters bimodal (Damannw). Optimum biomass appears to
occur at 10°C, and a decrease in algal numbers occurs when temperatures
exceed 14°C. Temperature per se does not appear to control biomass
(Grif thm), and Stoermer21 has suggested that nutrient enrichment may
be more important than temperature, which acts as a secondary control
by de ning circulation regimes. Rousar22 found that production was
bimodal with peaks in late spring early summer and late summer, and
thus, it did not exhibit correlation with temperature.
Lake Superior
From May, 1973 to November, 1973 the Canada Centre for

Inland Waters ran six Lake Superior research cruises. Complete data are
not yet available. However, maximum primary production occurred in
late September when water temperatures were highest. The maximum

i
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primary production also exhibited a unimodal pattern. Chlorophyll was
also unimodal with maximum values also in late October.23 Further
analysis of the data is necessary to interpret temperature effects in that
lake.
Summary of Great Lakes Relationships and Possible Effect on
Eutrophication

The preceding discussion showed that the cycles of biomass,
either total cell volume or chlorOphyll a, in inshore waters of the Great
Lakes were approximately bimodal with spring and late summer maxima
and mid-summer minima. Thus temperature does not appear to be a
major factor in affecting biomass values directly except by causing
thermal strati cation and increasing the stability of the water column
leading to onset of the spring pulse. This is accomplished by reducing the
critical depth of mixing of algal cells. Temperature also causes a thermal
bar and leads to increased nutrient trapping and increased productivity
of waters. In mid-lake regions of Lakes Ontario and Huron, there
appears to be a positive correlation between primary production and
temperature, yet, power plants and their heated plumes are inshore
occurrences. Thus, the bimodal pattern is one that is controlled by
nutrients, and not directly by temperature. On this basis, we might not
expect increased productivity due to thermal ef uents. Mortimerz 1 proposed that increased temperature would lead to increased rates of
nutrient regeneration, and this could increase eutrophication. This
theory was also proposed by Horvath and Brent.25 However, Lee and
Veith26 believed that nutrient regeneration might only be a problem in
small water bodies. This needs further investigation.
Another important consideration is the spatial and temporal
distribution of heated plumes. Cell division rates in nature rarely exceed
1.5 doublings per day as mentioned by Eppley.1 Therefore, if cells were
exposed to heated effluents for a short time, one would not expect
increased biomass values. According to the available literature, increased
temperatures in local inshore areas in the Great Lakes appear to be of
little concern to algae.
Blue-green algae have often been used as indicators of eutrophication, and it is felt by some that discharge of heated ef uents
could lead to noxious blue-green blooms (Horvath and Brent ). Field
studies indeed show blue green algae prefer higher temperatures, and
Patrick2 suggests optimal temperatures of 20°C 30°C for diatoms, 30°C
35°C for greens, and >35°C for blue-greens. As for the Great Lakes,
surface water temperatures rarely exceed 25°C, and thus Patrick s
ranges do not hold true. Hartley and Potos27 use ranges of 2°C 10°C for
diatoms in Lake Erie, 10°C 20°C for greens, and >20°C for blue-greens.
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Munawar and Nauwerck 1" also report that diatoms genera
lly occur at less
than 8°C and blue greens >20°C, the same for greens. But
does this mean
that temperature is the major control of algal species
succession? Historically this was felt to be true in limnological work, but
recent studies
indicate that blue-green algae probably occur for
other reasons when

water temperatures are highest. These reasons may includ
e their ability
to x atmospheric N2 when dissolved N03 and NOg
are depleted to
extremely low concentrations during the summer; their ability
to utilize
lower phosphate concentrations due to superior uptake kinetic
s; and their
unpopularity as a food source for herbivores whose popula
tions are
greater at higher water temperatures. Thus the blue
green algae/high
temperature relationship may be an indirect one.
In conclusion, I nd little evidence to indicate that
higher

temperatures per se resulting from power generation
would have any

signi cant effect upon phytoplankton primary production, biomas
s, or
eutrophication of waters of the Great Lakes except in local areas
where
heated ef uents were discharged into confined embayments with
poor
ushing characteristics. Selection of good plant sites and proper
engi
neering could maximize dispersion of heated ef uents and reduce any
possible environmental risk in terms of increased eutrophication of Great
Lakes waters.
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Zooplankton Association in the Great Lakes

Four species of copepods are characteristic of the oligotrophic
Limnocawaters of the Great Lakes: Diaptomus ashlandi, D. sicilis,
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clops thomasi probably were the predominant species of
),
Beeton3
copepod fauna, but some, such as L. macmrus (Gannon and
o.
Ontari
and
Erie
Lakes
in
ed
have disappeared or declin
Diaptomus minutns, D. oregonensis, Diacyclops thomasi,
condiand Tropocyclops prasinus are very tolerant to environmental
lakes.
small
in
as
well
as
Lakes
tions, and are found throughout the Great
s
variou
in
occurs
and
lakes
Mesocyclops edax, which is common in small
is
it
ugh
(altho
group
this
parts of the Great Lakes, probably belongs in
it vulnerable to
seldom a predominant species) because its large size makes
sh predation.

University of Wisconsin, Milwau*Contribution No. 144, Center for Great Lakes Studies,
kee.

Indiana.
**Presently at Biology Department, Ball State University, Muncie,

Zooplankton

433

Diaptomus reighardi, D. pallidus
, D. siciloz des,

and
Acanthocyclops vemalis are species characteri
stic of more eutrophic
waters. It appears that their distribution has
been extended and the

abundance of these species increased as
waters have become more

eutrophic. This is certainly true for D. sicilo
z des in Lake Erie (Beeton4 .
Many cladocerans have beenreported in the
Great Lakes, but
most are only incidental species. Three daphn
ids, Daphm'a galeata
mendotae, D. longiremis, and D. retrocurva are
important in the plank
ton along.with Bosmina longirostm's and Eubosmina
coregom'. Some
other species, e.g., Ceriodaphm a lacusm's, Holop
edz um gibbemm,
Diaphanosoma leuchtenbergiunum, and Chydr
orus sphaem cus,

are important in only some areas of the Great Lakes. Littor
al forms are not
generally important because most areas have wave-swept
shores. These

forms are important in protected bays and harbors.
The taxonomy for Crustaceans of the Great Lakes
is well
known (Torke5), however, this is not the situat
ion for rotifers. Rotifers

have received little attention since the paper publis
hed by Ahlstrom.6
Recent work by Nauwerck as cited by Watson2 on the
rotifers of Lake
Ontario and a major study by Stemberger7 on rotifers of Lake
Michigan
constitute the bulk of information on Great Lakes rotifer
s. Other zoo
plankters such as the protozoans are very poorly known.
Many incidental zooplankton species have been repor
ted for
the Great Lakes. These are washed in from other habitats
and may
become temporarily established in shallow waters. They are
not, however, regularly breeding species. Incidental species occur freque
ntly in
southern Green Bay, due to the Fox River, and in large harbors
such as

Milwaukee harbor. Some species that previously were conside
red incidental have become important components of the zooplankton. Eurytemora a inis, a marine copepod, is now found many places in the Great
Lakes. It is usually restricted to inshore areas, such as river mouths and
harbors. This is similar to its distribution in the ocean.
Sampling

Despite considerable zooplankton sampling in the Great
Lakes, development of suitable sampling techniques remains an impor
tant problem. The classical approach has been with plankton nets of
various size and mesh, and with or without some device for opening and
closing. Nets are probably adequate for most studies of large zooplankton, but the major problem of ltering ef ciencies remains to be solved.
Factors such as speed of tow, mesh size, length of tow, abundance of
plankton, and avoidance, all enter into this problem. The paper by
Ricker8 remains as one of the best concerning these problems.
Various traps such as the Juday, Schindler-Patalas, and water

;
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basic assumption is
samplers have beenused with varying success. The
are collected. In
water
of
that all the organisms in a given volume
s, but they are
rotifer
general, traps can be used quite effectively for
because of
Lakes
usually not suitable for sampling Crustacea in the Great
low densities.
Although pumping devices for sampling have not been used
'
proper evaluation.
extensively in the Great Lakes, the method deserves
successfully in
Another technique, water core sampling, has been used
use in the Great
other environments, and it should be evaluated for
Lakes.
Distribution

n has been
Most of the work on Great Lakes zooplankto
for any particular
concerned with distribution. Horizontal distribution
material published by
organism is quite variable as demonstrated by
lakewide studies
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associations, and for
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to
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dering energy
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when
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ut a
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area
r
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the
ing
variable affect
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s
shore. The result of
distribution of zooplankton was the distance from
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this study present strong evidence that therm
and Barker ). Some
no effect on the distribution of zooplankton (Beeton
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were
species, such as Diaptomus oregonensis,
ve miles from
ant
abund
most
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nearshore and
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phic
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the oligotrophic forms were offshore.
rily by
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McNaught12 and Wells.13 Information on diurnal
isms
organ
of which
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outfalls.
may be affected by water intakes and offshore
Seasonal Changes

changes
Considerable information is available on qualitative
n about quanti(Davis,l Watson and Carpenter 10), but very little is know
round sampling of
tative changes. This situation is a result of little yearhas been based on
the open lake areas. Most of the information available
ncies.
efficie
ing
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ds obtaining
Thus, increased effort must be directed towar
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good estimates of biomass. Wet weight meas
urements are dif cult to
Obtain, and
no applicable methodology has been establishe
d. Dry

weight
measurements are easier to make, but
some data are suspect because
they
may have been based on preserved sampl
es. The preservatives,
such as alcohol and formalin, dissolve out some
of the organics leading to

weight losses (Howmillerl ).

Some work is underway to develop producti
on estimates for
the major zooplanktonic species (Torke 15).
Preliminary results of these
studies indicate that quite different values for produ
ction and biomass
occur from year to year. These differences appea
r to be related to the
amount of wind-generated vertical mixing during the spring
.
Some work has been done on energy content
of zooplankton,

but very little is known. A few measurements have
been made with

the
microbomb calorimeter and wet digestion. Barke
r16 attempted to determine energy expenditures by Mysz's relicta durin
g its vertical migration
in Lake Michigan.
Food of Zooplankton

N0 papers have beenpublished on feeding by zoopl
ankters in

the Great Lakes. For other environments, however, data
are available on
species such as D. oregonensis (Richman17) and
L. macmms (Riglerla),

Which are important Great Lakes copepods. Fryer s 9 work
suggests that

Species such as D. thomasi are predators, whereas data for this specie
s in

the Great Lakes indicate they are omnivorous. At the Center
for Great
Lakes Studies work is presently underway on grazing rates,
and on the
effects of size selection, temperature and strati cation on grazin
g rates.
A major drawback to studies in this area, as well as for other studies
, has
been the lack of success in culturing the limnetic species.
Research Needs

Some research needs were brie y discussed above, but a
number of speci c questions must yet be answered before a complete
understanding of Great Lakes zooplankton is possible:
(A) General background questions:
(1) What factors in uence the horizontal distribution of
zooplankton?
zooplankton?

I,

(2) What factors in uence the vertical distribution of

(3) What is the vertical and horizontal distribution and
abundance of zooplankton with respect to factors identi ed in one and
two above such as temperature, light, phytoplankton, nutrients, and

feeding strategies?

(4) What are the factors governing seasonal changes in

I" ,
l
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distribution and abundance, such as internal mechanisms, food, and
temperature?

(B) Energy related questions
(1) What effects will the use of Great Lakes water for
energy production have on lakewide zooplankton populations?
(a) What effect will the withdrawal of water and
use have on'lakewide populations?
(b) What will be the effect of temperature and
chemical changes on lakewide zooplankton populations?
(c) If zooplankton populations are altered, what will
be the effect on other trophic levels, nutrient cycles, and energy ow in
the lakes?
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Great Lakes
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reat Lakes benthic communities have been studied acG tively for only a decade, and many facts about the kinds
and numbers of organisms which compose them are relatively fresh and
incomplete. 3 Seasonal studies of dynamic inshore communities began
only ve years ago, and many have not reached scienti c journals v i7
Experimental studies of the environmental factors which control reproduction, dispersal, and survival of most of the more numerous species

have yet to be initiated. Obviously, we cannot claim to adequately
understand the ecology of undisturbed benthic communities, much less to
understand the probable impact of energy-related e iuents.
However, some general trends are beginning to emerge from
rapidly accumulating data. This is perhaps a good time to review our
current knowledge and to begin constructing some additional hypotheses
about benthic communities, to guide research over the next decade.
First, I will outline the structure and dynamics of Great Lakes benthic
communities insofar as we now perceive them, and then review benthic
changes or distribution patterns which have been attributed to the
in uence of man. This will be followed by a partly speculative section on
probable or potential effects of ef uents which have not yet been studied.
I will close with a brief list of research topics which, in my estimation,
will contribute to our ability to assess and predict benthic consequences
of changes in types and amounts of wastes dumped into the Great Lakes.
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Structure and Dynamics of Benthic Communities

In terms of total area, the most important benthic community
in the Great Lakes occupies deepwater or offshore bottoms. Within this
community a single species, the amphipod Pontoporeia a inis, contributes well over half the macroinvertebrates, and judging from its size, an
even larger percentage of faunal biomass. 9 Other community members
are the lumbriculid oligochaete Stylodrilus, the sphaeriid clam Pisidium,
the tubi cid oligochaetes Limnodm'lus and Tubifex, and the chironomid
(dipteran) larva Heterotrissocladz'us.10 1m 4 A relatively large (up to 2.8 cm
long) crustacean, Mysz's relicta, occurs partly among the benthos ii This
community is relatively constant in time and space, in accordance with
the stability of its environments.9- -1
Shallows and embayments occupy only a small proportion of
lake area around the shoreline (except in Lake Erie), but they are the

rst to receive wastes from direct ef uents and polluted rivers. Benthos
of these habitats are much more diverse and variable in space and time
than those of deeper areas}7 The most numerous animals are usually
tubi cid oligochaetes wherever the bottom is sandy or silty. Composition
of the tubi cids re ects local levels of nutrient or organic waste
inputJO-W0 Pontoporeia, Stylodm lus, and sphaeriid clams contribute increasing proportions of zoobenthic numbers lakeward from depths of 15
m or 20 m, until inshore benthos grade into the deepwater community at
about 50 m. Several species of naidid oligochaetes, chironomids, leeches,
and snails are abundant or frequent in samples from depths between 6 m
and 20 m. " Rocky bottom zoobenthos are numerically dominated by
other species of naidids and chironomids, while amphipods (Gammams
and Hyalella), isopods (Asellus), cray sh (Orconectes), and large insects
(the caddis y Hydropsyche) may contribute substantially to zoobenthic
biomass. 21 Sessile animals also occur on rocks, including hydroids
(Hydra, Cordylophom), ectoprocts, and sponges. Communities of both
ne sediments and rocky bottoms uctuate seasonally, with fauna] maxima occurring in summer and fall. v5v"-7 In ne sediments, increases result
mainly from reproduction of animals present all year, but rocky habitats
are colonized anew each summer as mats of attached algae (Cladophom)
develop on the rock and serve as holdfast or as food sources for the
animals-"*21
Maximal seasonal abundances of nearshore benthos vary from
year to year.4 Estimates from only a few years of data suggest that
ve-fold changes may not be uncommon. In addition, some species may
contribute large percentages of macroinvertebrate numbers one year and
be rare or absent the next. Summer increases in certain chironomid and
naidid species are so rapid and brief that sampling a few weeks earlier or

g
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later may alter abundance estimates by multiples of two or three.
Combined with strong aggregation of animals into small patches of
bottom, these variations create major problems in statistical description
of zoobenthic abundance, which cannot be overcome entirely by increased
sampling effort.4
Within these constraints, however, it is possible to detect

signi cant, positive correlation of zoobenthic numbers with depth in ne

sediments}3 Estimates centeron 500 macroinvertebrates or less per m2
at 5 m, 2000/m2 at 12 m, 8000/m2 at 20 m, and more than 15,000/m2 at 35 m.

Beyond 35 m faunal abundance decreases steadily with increasing depth
to lows between 200 and 2000/m2. v18 Low estimates in shallow habitats do
not apply to smaller invertebrates, which may reach 20,000/m2 or more at
a depth of 9 m to 10 m.
Many kinds of sh feed partly on zoobenthos, but we cannot
yet estimate theproportion of zoobenthic mortality due to sh predation
or the rate of energy ow from benthos to sh. Economically important
sh Which utilize benthos seasonally for 50 percent or more of total food
volume include yearling lake trout, large alewife, rainbow smelt, yellow
perch, White sh, bloaters, chubs, and other coregonids jv v Smaller sh

which serve as a forage base for larger piscivores and feed extensively on
benthos are trout perch, sculpin, sticklebacks, and spottail shiners. Other

benthophagic sh, some occasionally of commercial value, are carp,
suckers, and bullheads. Most of these appear to feed primarin on
Pontoporez'a, Mysis, or chironomids, although sphaeriid clams, leeches,
snails, and other zoobenthos are found frequently in sh stomachs. The
role of soft-bodied oligochaetes and turbellarians cannot be accurately
assessed from sh stomach observations, for they decompose rapidly and
leave no hard body parts behind to indicate amounts ingested. Benthos
apparently increase in importance to sh predators in summer and
autumn, then decrease in winter and spring parallel to their abundance
on the bottoms -23
Changes in Benthos Attributed to Man
Benthos have apparently increased in abundance during the
middle third of the 20th century in three parts of the Great Lakes.24 W 23
These changes have beenattributed to increasing inputs of organic
matter and nutrients, such as phosphorus and nitrogen, to these basins.
Species composition of oligochaetes, especially tubi cids,
changes with proximity to all major waste ef uents around the Great
Lakes. Indeed, the path by which polluted water moves away from
ef uents can be traced by tubi cid distributions[2029'30 The same patterns
are generally re ected in total numbers of oligochaetes, but exceptions
have been documented? 25 Indicator species have been listed repeatedly,
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with minor differences from study to study. Other taxa
are occasionally
useful in this respect, particularly chironomids. 27 Major effluent
s are
Obviously complex and vary in many respects, from domest
ic and food
processing wastes to petroleum and steel industries and
paper mills. The
common benthic response appears to stem largely from
the organic/nu-

trient component as it stimulates bacterial activity
in sediments. 33
Effects of toxic wastes have not been determined for
zoobenthos. Secondary toxic effects of oxygen depletion, or perhaps
decompositional

release of noxious gases (HZS, CH4) or other chemic
als, are presumed to

have caused reduction or elimination of fauna other
than worms.34
Interbasin and interlake comparisons among bioma
sses,

abundances, or relative abundances of oligochaetes and other
taxa are

generally consistent with rankings by nutrient loading
or primary productivity. v13v "5v36 The most useful characteristic in this regard
appears to
be the percentage of macrobenthos contributed by Pontop
oreia in
deeper, offshore areas.l
Whole community effects of organic enrichment are
also pro
nounced.37 Because of increasing negative side effects of organi
c enrichment such as depletion of oxygen, generation of toxic metabo
lic wastes,
and increased proportion of coarse or undegradable particl
es within
organic sedimentation, composition and abundance of zooben
thos tends
to decline beyond some optimal input levels. 37 Animals are
still in the
increasing mode in most benthic communities of the Great
Lakes, but
species composition has changed in many areas. Overall
zoobenthic
decreases are probably imminent in shallow basins where organi
c loading
is heaviest.
Scattered data exist for benthic effects of several other energy-related effluents. Concentrations of several radioactive isotope
s
have increased cray sh near a nuclear power plant.38 DDT
and its
derivatives are reconcentrated from sediments by Pontoporez'a and
accumulated to even higher concentrations in sh feeding on the amphipod.39 Dredging activities have caused siltation of rocky-bottom communities with drastic changes in zoobenthic composition.5 Thermal ef uents
from power plants may attract the amphipod Gammams to inshore
habitats in colder-than-normal seasons.40 Strong, continuous water currents from a power plant may have increased abundances of the caddis y
Hydropsyche in a small, rocky area adjacent to the discharge.5 Dredge
spoil from urban harbors appears to reduce Pontoporeia abundance and
increase pollution-tolerant tubi cid species in open lake bottoms.13 Some
changes have beenobserved near other power-plant discharges, but
these may or may not be due to the effects of the effluent. In one case,
Oligochaetes increased in plume areas relative to reference areas,17 and in

another, all zoobenthos were reduced at a point down current from the
discharge.
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Potential Effects of Energy-Related E iuents

Rock beds have beenlaid down in front of high-speed dis
charges at at least one power plant,4 and breakwaters, pilings and other
structures designed to control erosion of the bottom have beeninstalled
at many locations around the lakes. Ensuing development of arti cial,
rocky bottom benthic communities may have an impact on nearby benthic
and pelagic habitats, especially when Cladophora breaks away from the
structures and settles on the adjacent bottom. Removal of nutrientS,
phytoplankton, and zooplankton by organisms attached to these structures may affect the entire ecology of the lake nearby. Moreover,
arti cial hard bottoms offer ideal breeding grounds for many sh.
Effects of chlorination on benthic communities may be considerable, even though none were detected in a qualitative study at one
site.5 Laboratory tests show zoobenthic species differ widely in sensitivity to residual chlorine, and many are killed by brief exposure to levels
used as anti-fouling treatments in power plants (0.5 ppm). 2 Hydropsyche is highly tolerant of chlorine, and may be favored near some
power plant discharges due to the combination of strong current, rocky
substrate, and chlorination.

Anthropogenic changes in sh composition and distribution
may affect benthos. Fluctuations in alewife populations, introduction of
additional salmonids, regulation of commercial and sports shing pressure, and attraction of sh to thermal plumes andto arti cial rocky
substrates in inshore areas may all in uence predation rates on Pontoporeia and reverberate through benthic communities in complex ways as
abundance of this dominant amphipod goes up and down.
Although heated water from power plants oats at the lake
surface well away from most benthic communities in warmer months, it
sinks to the bottom at temperatures of 3°C to 4°C in Winter and early
spring.43 The resulting, relatively minor thermal elevation may be sufficient to accelerate growth and development of some zoobenthos, but not
others.4 Some sh forage organisms could become out of phase with
normal seasonal changes, and their reproductive success, and that of sh
which depend on them, might be affected.
Many carcinogenic and otherwise toxic substances occur in
municipal and industrial wastes, and some of these are undoubtedly
reaching the Great Lakes. Most probably enter the sediments eventually
by adsorption or by incorporation into plankton which later die and settle
to the bottom. Zoobenthos can reconcentrate them and transfer them
into human food chains through sh, or regenerate them into overlying
water by mixing and circulating water through the sediments.2
Zoobenthos of many species become pelagic occasionally,
especially at night.4 While suspended they are entrained into water
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intakes and cooling systems on shore, and may be removed from the lake

entirely or suffer some mechanical or thermal mortality. Migrating

individuals may play important roles in reproduction, dispersal, and

colonization of new or disturbed habitats by some species.
Areas for Research in the Near Future

(1) The largely descriptive but well established knowledge
of benthic responses to organic loading should be placed on a more
scienti c basis. Cause-and-e 'ect connections between various types of
ef uents and changes in benthic communities should be de ned, with

particular attention to micro-biological responses to enrichment and how

they transmit its effects to larger zoobenthos.
(2) Coordination of hydrodynamic and sedimentary studies
with investigations of benthic communities is needed to develop a capa
bility to predict distance and direction of dispersal of waste materials in
various types of basins and exposures.
(3) Basic descriptive data are needed for rocky-bottom
communities, including their productivity, nutrient-uptake capacity,
plankton removal rate and transfer of xed energy to adjacent benthic
habitats and sh.
(4) Rates and pathways of energy ow between sh and

benthos, including soft-bodied forms, in all parts of the lakes should be

determined, both as an aid in understanding dynamics of pelagic and
benthic communities and to ascertain the potential for reconcentration of
dangerous substances through the food chain.
(5) Continued study and laboratory experimentation are
needed near installations using large volumes of lake water to determine
whether entrainment of swimming benthos, release of residual chlorine,
and emission of a winter, sinking plume have signi cant impacts on
benthic communities.
(6) Fundamental to these suggested areas of research is
improvement of the methods for eld studies, so that data are truly
quantitativer3 This may require extensive redesigning of sampling de
vices, use of smaller-meshed sieves, experimental development of optimal sample sizes and distribution of sampling effort for representation
of benthic communities, and use of new statistical analysis procedures.
(7) Finally, more coordination is needed between eld surveys and eld and laboratory experimentation in working out the causes
for changes in and differences between Great Lakes benthic communities.
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In uence of Energy-Related
Ef uents on Attached Plants
Dr. Robert A. Sweeney
Director, Great Lakes Laboratory, State University College at Bu alo,

Bu alo, New York

wo problems readily become evident to anyone researching the topic of the possible impacts of energy-related
ef uents other than heat on the attached plants in the Great Lakes. (In
this paper the term attached plant will refer to the rooted vascular
vegetation and lamentous algae with hold-fasts or similar structures
that are found in the littoral zones.) One dif culty is the lack of available
information on the ecology, physiology, and morphology of this ora.
Most of the literature concerning these organisms, particularly those
papers written prior to 1950, pertained primarily to the taxonomy. In an
attempt to assist researchers interested in studying the interactions of
energy related ef uents and attached plants, the author has compiled a
list of pertinent references on this ora from the Great Lakes.
A second major problem encountered in the compilation of
this paper was a lack of data on the quantitative and qualitative nature of
the ef uent from once-through cooling systems and of the blowdown from
cooling towers. The author observed reluctance on the part of both
individuals employed by electric power-generating companies and regulatory agencies in discussing these topics. It appears that a great deal
more has been written on the nature of the make-up water than on the
discharges from power stations, regardless of the fuel used in such
plants.
Without forgetting the above gaps in the information base,
the author has classi ed the possible impacts of energy-related ef uents
on attached plants into three major categories: physical; radiological; and
toxicological and nutritional.
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Physical Impacts

Those power stations whose discharge points are situated at
or near the shoreline probably exert a more major direct physical impact
on communities of attached plants than those that release cooling water
or blowdown at offshore sites.
These nearshore ef uents can reduce the depth of sediments
in one area, while causing a buildup in other areas (i.e., through the
disruption of nearshore current patterns). The nature of the ow and
bottom in the more scoured regions could favor the establishment of
ora, such as Ulothm x, that are more common in streams than lakes. In
the areas of deposition, certain species of Potamogeton and other more
deeply-rooted forms could have an ecological advantage. Such a change in
vegetation could have a dramatic impact on those organisms that have
Speci c trophic and habitat dependencies on these plants.
Another possible physical impact concerns light. The size,
distribution and composition of attached plant communities is determined
by the quantity and by the duration of light that reaches the bottom.
Limnologists also are beginning to recognize that other morphological
processes, such as the development and release of spores by Cladophom
(Storr and Sweeney ), are triggered by certain photo-periods. If the
intake and/or discharge from a power plant causes an increase or decrease in turbidity, the attached aquatic vegetation in the area may be
profoundly affected.
Perhaps more subtle, and certainly less studied, is the relationship between changes in currents and/or wave action and the growth
of attached plants. Whitford s2 research with Cladophora is Virtually the
only investigation on this topic that has been published to date.
Radiological Impacts

It has been recognized that certain attached plants will take
up radionuclides. What is not understood is which plants under what
conditions will concentrate which isotopes to what extent. Kulokova,3
while studying the possible use of algae to remove radioactive chemicals
from water, reported storage coef cients for 91Y, I44Ce and 90Sr of 7807,
1571 and 855, respectively for Cladophora, and 4968, 23,700 and 475 for

Spirogyra.

In one of the few radioactivity investigations concerning
attached plants in the Great Lakes, Yaguchi4 reported that 60 samples of
Cladophora from 45 Lake Michigan stations contained small amounts
(100 1000 pCi/kg dry wt.) of 137Cs, 95Zr and 106Ru (Neil,5). Yaguchi and her
coworker at Argonne noted that Cladophom, Chara and Potamogeton
each appeared to up take 137Cs and 134Cs. Chara and Potamogeton also
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accumulated 65Zn and 60Co, and Cladophom concentrated 7Be. Some
researchers have observed that these plants accumulate 239Pu (Yaguchi )
but other researchers have not made this observation (Kulokova3).
Vaughn and Strand6 reported that organisms with mucopolysaccharide
coatings ef ciently scavenge plutonium.
The degree to which this up-take occurs by active and passive
processes has not been conclusively demonstrated. However, it has been
observed that the relative concentration of calcium and potassium may
have a marked impact on the nature and degree of up-take. With
Cladophom, when calcium concentrations were above 30 ppm and potassium was below 0.1 ppm, there was a two- to threefold greater up take
of 85Sr than when both the potassium and calcium concentrations in the
culture medium were at 30 ppm.7 Because the chemicals in blowdown
water can be concentrated twentyfold, these experiments should be
continued.
Toxicants and Nutrients

Attached plants show considerable variation with regard to
the toxicological impact of different heavy metals. The results of one
experiment that Whitton8 conducted for six days at 20°C under 6000 lux
illumination are shown in Table 1. If heavy metals are released to cooling
waters or blowdown, the impact on the attached plant community is apt
to be selective. In other words, conditions may be created that are less
favorable to certain species. However, this is an area of study where
there are more questions than answers.
It has been recognized, however, that calcium and other
elements can protect attached plants against the adverse physiological
effects of heavy metals.
Some attached plants concentrate heavy metals (Adams and
Stone9). The selectivity and rapidity of uptake varies with ecological
conditions as well as with species. The extent to which the bioaccumula
tion of heavy metals and of other toxicants, such as pesticides, may pose
Table 1.

Toxicity Range (mg/l)
Plant

Ulothrlx
Microspora
Sllgeoclonlum tenue
Cladophora glamorata
Oedogoneum
Mougeotla
Splrogyra

Zn

Cu

Pb

1 .4 2.4
3.1-3.8
1 .0
0.14
0.15-0.51
0.97-4.2
0.67-4.9

0.31 «0.48
0.35 0.39
0.33
0.19
0.15-0.29
0.27-0.41
0.10-0.59

30. 40.
53.-60.
35.
3.
20.-34.
24.46.
17.-32.
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a threat to the organisms that feed directly or indirectly on these plants
has not been well documented.
Components in the attached oral community also exhibit
differing degrees of response to chlorine and to other chemicals used to
reduce the buildup of slime and other undesirable biological conditions in
power plant cooling systems.
Most scientists have concluded that phosphorus is the key
nutrient that chemically limits the growth of the majority of attached
plants. Under certain conditions nitrogen also may play a major role.
With respect to nutrient up-take, algae obtain most of their phosphorus
from the water, but the rooted forms acquire the bulk of this element

from the sediment. Therefore if the P concentration in the water were to
increase as a result of the construction of a power plant, the algae, such
asCladophora, would be more likely to increase in biomass than would
most of the so-called higher plants.
Conclusions

It can readily be observed from the above that little research
concerning the possible impact of energy related ef uents on attached
plant communities has been conducted to date. With the increasing
recognition of the importance of these biological areas as feeding and
breeding grounds, both eld and laboratory studies should be initiated.
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Electric Power Generation and its
In uence on Great Lakes Fish
Thomas A. Edsall
Great Lakes Fishery Laboratory, US. Fish and Wildlife Service,
Ann Arbor, Michigan
Our nation s economy is heavily dependent on electrical
energy, and the demand for this energy is increasing
rapidly. Presently, the most pro table and dependable method of producing electrical energy in the Great Lakes Basin is by means of steam
electric generating plants. These plants operate with open cycle cooling
and inject waste heat directly into the Great Lakes. Unfortunately, data
obtained in the Great Lakes area and elsewhere show that Open cycle
cooling damages or destroys large numbers of sh as well as other aquatic
organisms that serve as food for sh. The magnitude of these losses and
their impact on the shery productivity of the Great Lakes have been a
matter of considerable controversy in recent years.
Power Demand and Power Production in the Great Lakes Area

The roots of the problem in the Great Lakes area lie in the
sharply increasing demand for electric power and in the methods used to
generate it. The power demand in the Great Lakes Basin re ects both the
growth of the human population and the increased per capita use of
electrical energy. The population of the Basin has increased about
threefold in the past 50 years. It reached about 29 million in 1970, and
recent projections by MacLaughlin indicate that it may grow to 54
million by the year 2020 (Figure 1). Acres2 predicts that annual energy
requirements for the Great Lakes power basin will rise exponentially
from about 160 billion kilowatt hours in 1970 to about 2.2 trillion kilowatt
hours by 2020 (Figure 2), or about a tenfold increase in per capita
consumption.
In the past, power needs in the Great Lakes Basin were
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largely met by fossil-fueled steam electric generating plants scattered
throughout the Basin on major rivers and on the Great Lakes and their
connecting waters.3 All of these plants apparently operated with opencycle cooling systems. The present trend, however, is toward the generation of electric power in nuclear-fueled steam electric stations.3 As
recently as 1965, fossil-fueled steam electric plants generated slightly
more than 80 percent of the total electrical energy in the Great Lakes
power basin, hydroelectric power plants accounted for slightly less than
20 percent, and nuclear-fueled plants contributed less than 1 percent
(Figure 3). However, it is estimated that in the year 2020, about 98

percent of the total power requirement will be met by nuclear-fueled
steam electric plants (Figure 3). The increased use of electrical energy
and the increased reliance on nuclear-fueled plants (which have lower
thermal ef ciency than fossil-fueled plants) will result in a sharp increase
in the cooling water requirements of the electric power-generating
industry. As a result, there will be a greater need to locate new
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generating plants on the Great Lakes shoreline, where the large amounts
of water required for open-cycle cooling are available.
Cooling Water Availability and Patterns of Use

The Great Lakes are among the largest bodies of freshwater
in the world and appear to offer a virtually unlimited supply of cooling
water for use by the electric power-generating industry. The water
volume of Lake Superior, the largest of the Great Lakes, is 2,935 cubic
miles and that of Lake Erie, the smallest, is about 116 cubic miles (Table

1). However, all existing steam electric power plants on the Great Lakes
withdraw cooling water from and discharge waste heat into the waters
between the shoreline and the 30-foot depth contour. These littoral
waters constitute only 0.2 to 4.4 percent of the total volume of each lake
(Table 1), and are relatively discrete from the deeper offshore waters.
Table 1. The Great Lakes: Surface Areas and Volumes (in parentheses, percentages of the totals; area or volume contributed by
littoral waters, 30 feet or less in depth)
Area (sq. mi.)

Volume (cu. mi.)

Lake

Whole
lake'

Littoral
waterst

Whole
lake:

Littoral
waters§

Superior

31,820

2,1 89
(6.9)

2,935

6.2
(0.2)

Michigan

22,400

1,676
(7.5)

1,180

4.4
(0.4)

Huron

23,01 0

3,258
(14.2)

849

9.3
(1 .1 )

Erie

9,930

1,769
(1 8.1 )

116

5.1
(4.4)

Ontario

7,520

529
(7.0)

393

1 .5
(0.4)

'J. L. Hough, Geology of the Great Lakes. University

of
III. Press. 313 pp., 1958'.

fM. Long, and R. L. Schueler. Depth-Area Relationships of the Laurentian Great
Lakes In Comparison to Their Commercial Fisheries Productivity. Presented at the
annual meeting of the Midwest Benthologicai Society, April 17 19, 1968. Madison,
Wisconsin. (Processed). 14 pp.
iU.S. National Oceanic and Atmospheric Administration Lake Survey Center. 1974.
Chart Catalog.

Great Lakes and Adjacent Waterways." Detroit, Michigan.

§Volume of littoral waters calculated by multiplying surface area by an assumed mean
depth of 15 feet.
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For this reason, it is misleading to make considerations of the cooling
water potential of the Great Lakes based upon their total volumes.
Although combined cooling water use in the Great Lakes was
about 13,000 cfs in 1968, projections based on data provided by Acres2
indicate this use may exceed 300,000 cfs by 2000 (Table 2). The rates at
which the littoral waters of each lake passed through open cycle cooling
systems in 1968 were low and ranged only from 0.003 percent per day in
Lake Erie to 0.162 percent per day in Lake Ontario. However,
by
the
year 2000 these rates will approach 1 to 3 percent per day in Lakes
Michigan, Erie, and Ontario (Table 2).
Fishery Productivity and the Littoral Waters

The most important factor determining the extent of the sh
losses at steam electric generating plants on the Great Lakes is the rate
at which these plants use lake water for cooling. This relation has not
been accurately determined, but the available information suggests, for
young sh at least, that the loss is probably directly proportional to their
abundance in the lake near the plant. At cooling-water use rates projected for the year 2000 (Table 2), destruction of a large percentage of
the young sh (up to 1 to 3 percent per day) in the littoral waters could be
expected.
The signi cance of the loss of a large percentage of the sh in
the littoral waters of the Great Lakes (a very small portion of the total
water volume of the lakes) may not be apparent until it is recognized that
these littoral waters are used by almost all of the sh in the lakes. Most
warmwater sh of the Great Lakes are relatively permanent residents of
Table 2. Cooling Water Requirements of Great Lakes Nuclear and
Fossil-Fueled Electric Generating Stations, 1968 and 2000*
Flow (cubic
feet per second)
Lake
Superior
Huron
Michigan
Erie
Ontario
Total

Percentage of
littoral zone waterst
used per day

1968

2000

1968

2000

505
1,167
6,643
225
4,1 46

6,570
56,157
91,179
74,997
78,81 0

0.006
0.007
0.082
0.003
0.1 62

0.062
0.356
1.124
0.863
3.064

1 2,766

307,71 3

Adapted from Acres ; these estimates were developed by assuming that stations
operated at 100 percent of capacity and temperature of the cooling water rose 20°F.
tLittoral zone waters = shoreline to 30-foot depth contour.
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the littoral waters. Other species such as the lake trout and most
white shes, which are generally considered to be inhabitants of the
colder waters farther offshore, use the littoral waters during the cooler

portions of the year as feeding and spawning grounds and also as nursery
areas for their young. Several species of trout and salmon, and various
other species which ascend tributary streams to spawn, must pass
through the littoral waters on their way to and from the spawning
grounds. Their offspring must pass through these waters when they
migrate from the spawning streams to the open waters of the Great
Lakes where they grow to maturity and to harvestable size. Only the
deepwater sculpin and one or two species of deepwater coregonines are
never found in the littoral waters, but even these species may depend
indirectly on the productivity of these waters. Thus any use of the littoral
waters which adversely affects the sh concentrated there at various
times during the year may have a disproportionately large adverse effect
on the shery productivity of the lake including that in the waters
beyond the littoral zone.
Fish Losses at Existing Plants

Discussion of the magnitude of the losses of sh at existing
steam electric power generating stations on the Great Lakes is dif cult
because much of the required information is not yet available. Serious
inquiry into the effects of electric power generation on the Great Lakes
and their biota was not initiated until the 1960s. Furthermore, until as

recently as 1970, studies of the impact of electric power generation on
Great Lakes sh dealt almost entirely with assessment of the effects of
waste heat discharges, and overlooked the perhaps equally severe damage that occurs when sh are drawn into power plant cooling systems or
are entrained directly from the receiving water into the discharge plume.
However, studies are now underway at all of the newer steam electric
stations and also at some of the older stations. These studies, if properly
planned and executed, should provide a basis for estimating the magnitude of the sh losses at existing plants.
As an initial step in evaluating the extent of the problem,
Edsall and Yocom4 compiled a list of sh mortalities at water intakes on
the Great Lakes. Although this list showed that there was probably cause
for concern, the reports on which this list were based were largely
unsuitable for use in preparing quantitative estimates of the damage or
for developing estimates of future damage on the basis of projected
cooling water use. Considerany more information has become available
since 1972, some of which is suitable for showing the extent of the sh
losses occurring at existing cooling water intakes on the Great Lakes.
This new information shows clearly that large numbers of sh are being
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killed by impingement on intake screens of these plants. The following
examples of the weight and numbers of sh impinged illustrate this point:
about 92,000 pounds of gizzard shad at the Lambton plant on the St. Clair
River in 6 weeks during December 1971 January 19725; 82,187 pounds
(nearly 1.1 million individuals) at the Detroit Edison Company s plant on
Lake Erie near Monroe, Michigan between April 1972 and March 1973,
when the plant was operating at less than maximum capacity ; 36,631
pounds (584,687 sh) at the Consumers Power Company s Palisades plant
on Lake Michigan between July 1972 and June 1973, when the plant was
operating at about 68 percent of its total capacity ; an estimated 1.2
million sh (no weight data given) at the Waukegan, Illinois plant on
Lake Michigan between June 1972 and June 19739; 150,000 pounds of sh
at the Pickering Plant on Lake Ontario in April June 19735; 659,000

sh

(weight unavailable) at the Nine Mile Point plant generating unit number
one on Lake Ontario during intermittent sampling from January to
December 1973, representing an estimated total of about 5 million sh at
unit one for that period 10; and about 67,950 pounds (929,000 sh) at the
Zion plant near Zion, Illinois, on Lake Michigan during September
December 1973 and March June 1974, when the monthly cooling water
ow averaged only about 45 percent of the maximum capacity.
In addition to the losses of sh caused by impingement on the
%-inch mesh traveling screens within power plant cooling systems on the
Great Lakes, substantially larger numbers of sh 0.3 2.5 inches long are
lost when they are drawn into these plants and pass through the traveling
screens (rather than being impinged).
Few published data exist to show precisely the kinds and
numbers of small sh that pass through the cooling systems of Great
Lakes steam electric stations annually, but Edsall and Yocom estimated
a potential entrainment of several million sh fry per day at two power
plants in southeastern Lake Michigan. Their estimate was based on the
abundance of sh fry in the lake near the cooling water intakes 2 and the
cooling water use rates at the two power plants. Intensive studies of the
kinds and numbers of sh eggs and fry being entrained at plants on the
Great Lakes and their connecting waterways are now underway. Preliminary results of one such study being conducted at the Detroit Edison
plant on Lake Erie near Monroe, Michigan, indicate that more than 300
million sh larvae may have passed through that plant during AprilAugust 1973. 13 The fate of these larvae was not determined, but the data
indicate that some may have disintegrated during passage through the
plant,13 and the mortality among the remainder must almost certainly '
have been high.
Studies outside the Great Lakes Basin show that high mortality rates among sh larvae that pass through plant cooling systems '15

F
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may be due mainly to mechanical damage16 or to hydrostatic mechanical
shearing forces 17 which the larvae experience during passage through the
plant. Coutant and Kedl17 have demonstrated that the condenser tubes
are an unlikely site for mechanical damage to occur, and Beck and Mille1~15
cited unpublished data at the National Marine Water Quality Laboratory,
Narragansett, Rhode Island, which identi ed the cooling water circulating pump as the most likely site for the observed mechanical damage to
sh larvae to occur.
Fish losses caused by the discharge from an open-cycle cooling system of a steam electric power plant are generally much more
dif cult to measure than those occurring within the plants M Records of
mortalities caused by power plant discharges are scarce and often are
available only in accounts distributed by the news media,

a situation

similar to that which existed earlier for data on within plant sh mor
talities. Recent reviews by Edsall and Yocom and Clark and Brownell 1
summarize sh mortalities reported at power plant discharges. These
reviews also present evidence (based upon the physiological tolerances of
sh) for the occurrence of unobserved mortalities and other less acute
adverse effects resulting from the exposure of sh to power plant
discharge.
Fish that are vulnerable to discharge e ects include those
entrained directly into the discharge plume from the receiving water, and
those that are attracted to the plume and remain in it. Although sh
entrained at the cooling system intake and passed through the plant are
theoretically vulnerable to adverse conditions in the discharge plume,
these sh require little discussion here, because as mentioned earlier, -15

a large percentage of them may already have been killed.
The entrainment of sh directly into the discharge plume
from the surrounding water, however, may be a problem of major
proportions at plants operating with open-cycle cooling. This form of
entrainment had also been overlooked until recently, but the available
information suggests that the number of sh fry thatare entrained in this
manner may be several times greater than the number entrained at the
cooling system intake and passed through the plant. This is especially
prevalent at plants with high velocity discharges speci cally designed to
lower the ef uent temperature by rapid dilution of the e luent with the
cooler lake (receiving) water. Studies have not been done to determine
the fate of fry entrained in this manner at Great Lakes power plants, but
mortality could occur from heat shock, chlorine intoxication, predation,
or from hydraulic mauling received during entrainment. Various investigators have found that one major effect of such sublethal exposure of
sh to elevated temperature is a reduction in the ability of exposed sh to
avoid predation.18 A concentration of predators in the plume and the

L
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higher metabolic rate and greater appetite of predators in the warmer
plume waters may also increase the vulnerability of the sh entrained
into the plume.

Fish living in power plant discharge plumes may be damaged
or killed in a number of ways. Records of mortalities caused by heat
shock, cold shock, air embolism, and chlorine treatment of the cooling
water are available in the published literature. The susceptibility of sh
to death or damage as a consequence of living in a plume varies with the
duration of residence. If the conditions of residence are known, this
susceptibility can be predicted to some extent on the basis of laboratory
studies. Published estimates of the kinds and numbers of sh residing in
discharge plumes in the Great Lakes, the time and duration of residence,

and the temperatures selected are almost totally lacking at present.
Estimates resulting from the studies conducted by Argonne National
Laboratory 9 at the Point Beach nuclear plant on Lake Michigan appear
to be the only exceptions.
E ect on Fishery Productivity

Although adequate description of the magnitude of the losses
of sh and sh food organisms occurring at power plants on the Great
Lakes may soon be available, substantially less progress has been made
in developing the conceptual framework and gathering the data required
for a scienti c evaluation of the effect of these losses on the shery
productivity of the Great Lakes. Causes for this de ciency are the
relatively great expense of conducting lakewide sh population studies,
an insuf cient (until very recently) number of skilled personnel, and the
lack of specialized vessels and other equipment required for the collection
of data. Of greatest immediate need is the development by state and
federal resource protection and management agencies of a comprehensive plan for assessment of the sh populations in each of the Great
Lakes. This plan would incorporate the ongoing population assessment
programs of the various resource agencies with proprietary interests in
the Great Lakes and would provide the impetus to integrate and expand
these programs. The result should be the development of an adequate
inventory of the sh populations of the Great Lakes. This inventory
should lead to an empirically based strategy for the scienti c lakewide
management of the shery resources. The data required for the development of a sound shery management plan would undoubtedly be
adequate to place the losses of sh at power plants in clearer perspective
in relation to the other demands on the resource. The effects of each of
these losses on shery productivity could then be more accurately evaluated.
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Canadian Management Experience
A. R. LeFeuvre

Canada Centre for Inland Waters, Burlington, Ontario, Canada

Arestructuring of the titles of this review paper and of this
workshop suggests as our topic Canadian Experience in
Managing Ecological E ects. This could lead to a discussion ranging all
the way from sheries management policy to industrial e luent control.
Although I intend to touch on several of these areas, most of my remarks
will deal with water quality management.
The Great Lakes comprise a vast resource and a very complex
ecosystem. The various levels of living organisms are both a resource and
in some cases an element of pollution. Fish and the food web supporting
them are an important resource for both commercial and sport shing.
However, excessive algal production has both direct and indirect adverse
effects on water quality.
Fisheries Management

The management and protection of the shery resource in the
Great Lakes is a shared responsibility. From the Canadian point of view
it spans the provincial, federal, and international levels. The Canadian
Federal Department of Environment, through the Fisheries and Marine
Service, is responsible for commercial shing. The Province of Ontario
Ministry of Natural Resources, by agreement with the federal government, is responsible for the sport shery. However, the international
character of the Great Lakes requires an international institution to
regulate and protect this shared resource. The Great Lakes Fisheries
Commission is that institution. The waters of the Great Lakes are the
environment for both commercial and sport shing. Thus the quality of
these waters as it affects sh is a prime concern. Other concerns are the
introduction of undesirable and dangerous species such as the sea lam
prey. Destruction of this parasitic attacker of the large salmonoids is a

major program of the Great Lakes Fisheries Commission.
\
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Eutrophication

Primary production of living organisms is essential for the
support of the entire food web in the aquatic environment. Thus a
bountiful crop of phytoplankton from the essential nutrients of carbon,
phosphorus, and nitrogen is a prerequisite for a healthy community of
aquatic animals. However, when massive additions of nutrients caused
by cultural activities greatly accelerates the natural process of eutrophication, serious adverse e ects ensue.
Massive algal blooms such as those experienced on Lake Erie
foul beach areas, clog intake lters, and deplete dissolved oxygen in thin
hypolimnion regions. Cladophora which is washed ashore forms a rotting
mass that makes many recreational beaches useless. Long-term records
of water works ltration activities around the lakes demonstrate the
impact of phytoplankton and zooplankton. The increasing rate of oxygen
depletion in the central basin of Lake Erie has been the subject of many
monitoring cruises and several detailed in situ studies. The most notable
of these was PROJECT HYPO.
The several studies of the impact of cultural eutrophication
resulted in the incorporation of a massive phosphorus removal program
into the recommendations of the International Joint Commission. These
programs were agreed to in the Canada-US. Agreement on Great Lakes
Water Quality.
The International Joint Commission, in its report to Canada
and the United States on the question of Pollution of Lake Erie, Lake
Ontario, and the International Section of the St. Lawrence River,
recommended the following three point program for nutrient control.
The Governments of Canada and the United States enter into
agreement on an integrated program of phosphorus control to
include:
(a) the immediate reduction to a minimum practicable
level of the phosphorus content of detergents and the total
quantities of phosphorus-based detergents discharged into the
Great Lakes system with the aim of complete replacement of
all phosphorus in detergents with environmentally less harmful
materials by December 31, 1972;
(b) further reduction, as a matter of urgency, of the
remaining phosphorus in municipal and industrial waste efuents discharging to Lake Erie, Lake Ontario and their tributaries and to the International Section of the St. Lawrence
River, with a view to achieving at least an 80 percent reduction
by 1975 and thereafter additional reduction to the maximum
extent possible by economically feasible processes;
(c) the reduction of phosphorus discharged to these
waters from agricultural activities.

It should be noted that point (b) calls for removal of phosphates while points (a) and (c) call for control at the source. All three
methods are necessary for a total attack on the problem.

r
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The rst recommendation of the IJC concerning control of
nutrients was to reduce and eventually eliminate phosphates in
deter-

gents.

The Governments of Canada and of Ontario, after a study of

the Board s recommendations, and concurrently with the formula
tion of

the IJ C recommendations, agreed that the federal government
should
introduce legislation to control the use of nutrients in cleaning product
s.
The Canada Water Act, then under consideration, was deemed the
most
appropriate vehicle for this purpose. An amendment containing a
clause
concerning nutrient control was introduced. This clause did not itself
Specify any particular limitation on the chemical composition of detergents or cleaning products. It did, however, permit the Government, by
Order in Council, to regulate the amounts of nutrients in cleaning

products.

The Canada Water Act, incorporating the clause on nutrient
control, passed the Commons and Senate in the early summer of 1970,
and the rst regulations under the nutrient control clause became effective August 1, 1970. The detergent industry had been informed in
January 1970 of the government s intentions concerning regulations
under the Act. The regulations limited the amount of phosphates in
detergents, excluding dishwashing detergents, to a maximum of 20
percent expressed as phosphorus pentoxide (P205). Prior to the regula
tions most detergent powders had P205 contents from about 16 percent to
38 percent. This initial limitation is estimated to reduce the amount of
detergent phosphates entering Canadian lakes and rivers by 25 percent
to 30 percent.
The current regulations limiting detergents to 5 percent P205
came into force on January 1, 1973.
The detergent companies have responded to these regulations
with reformulated products which are essentially of the same cost and
effectiveness, with almost no adverse reaction from consumers.
Toxic Substances

One important group of water quality parameters relates to
the toxicity of certain substances to various living organisms. Indeed, in
many cases the most sensitive use is the provision for a healthy and
diverse population of organisms living within the aquatic environment. In
other cases toxic substances are accumulated in the food web thus
endangering the higher predators including man.
The Great Lakes Water Quality Agreement identi es some
speci c water quality objectives and requires consultation to quantify

,

others. Each government is committed to develop programs to achieve

these objectives. In most cases the only effective approach is to control
the introduction of these substances into the aquatic environment.
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In Canada the provinces have primary jurisdiction to control
industrial and municipal ef uent. However, under the Fisheries Act, the

federal government has authority to restrict ef uents which adversely
affect sh. Thus the Department of Environment s Environmental Protection Service has developed a number of ef uent guidelines for particular industrial sectors on the basis of best practical technology. The
de nition of best practical technology has been developed by industry/government task forces.
Legislation currently before parliament will give D.O.E. a
more direct control of toxic substances under an Environmental Contaminants Act. Certain speci c contaminants already are under control.
Restrictions are already in effect for substances such as mercury, pesticides and PCBs.
Summary

The ecology of the Great Lakes is a vital resource and major
responsibility of the two countries which border on this vast freshwater
system. Wise management is based on mutually acceptable water quality
objectives. The international nature of the Great Lakes requires that
each jurisdiction be free to develop its own program to achieve these
objectives. The phosphorus control programs in Canada and in the U.S.
re ect different approaches to the same goal. Likewise the two governments have used somewhat different approaches to control and to limit
the introduction of toxic substances. However, the point of commonality
is the point where international agreement is absolutely necessary
agreed-to ambient water quality objectives.
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Overview of Federal Energy-Related
Research

Programs in the Great Lakes Area
W. C. Sonzogni, C. A. Shafer,* and L. T. Crook
Great Lakes Basin Commission, Ann Arbor, Michigan
The Great Lakes represent a tremendous source of fresh
water as well asa magni cent natural resource, vital to
the economy of both the U.S. and Canada. The Great Lakes are presently
utilized to satisfy a wide variety of demands placed upon them by the
Basin residents. Electric energy production and thermal power cooling
represent important uses of the Great Lakes. While no one can com
pletely forecast the future with guaranteed accuracy, the projected
water resource problems of the future in the Great Lakes Region related
to energy production are primarily oriented to possible water quality
de ciencies and not to water quantity limitations. It is therefore imperative that early planning activities identify energy related water and land
resource problem areas and specify appropriate strategies to alleviate
these con icts.
,
Thermal electric plants now comprise about 88 percent of all
the electric generating capacity in the Great Lakes Basin power region,
and some authorities expect that proportion to increase to 90 percent by
1980. Predictions of the patterns of generation beyond 1980 are complicated by several factors, not the least of which is the accuracy of
estimating power requirements beyond that date. The electric power
industry has been one of the most dynamic in the United States, having
experienced an annual growth rate of above seven percent, compounded
annually for many years. The technology of electric power generation
and supply is changing rapidly, resulting in larger and larger units.
*Presently at Illinois Department of Transportation, Chicago, Illinois.
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The annual overall electric energy requirements for the Basin
are projected to increase to 2,193 billion kWh by 2020, from 160 billion
kWh in 1970, or at an average annual compound growth rate of 5.4
percent for the 50-year period. Similarly, the associated annual peak load
is projected to grow from 28 million kW in 1970 to 365 kW in 2020, an
average annual compound rate of 5.3 percent. In view of the present
energy situation, this rate of growth is probably unreasonably high. The
population growth has decreased slightly since these projections were
made, and it is reasonable to anticipate some decrease in the per capita

rate of energy consumption as the cost of energy escalates and conser

vation measures are implemented. Nevertheless, the National Water
Commission in a recent report warns, that electric energy demands will
continue to grow, even if not at the present rate of doubling every ten
years. It has been pointed out that even assuming near zero population
growth, a drop of one-half the present rate of growth and individual
wealth, and a corresponding 50 percent reduction in the current rate of
increase in power use in the next decade, the United States consumption
of electricity will still triple by 1990. Table 1 summarizes the existing
and most recent though possibly somewhat in ated, projected power
requirements and supply for the Basin.
The majority of future thermal electric plants are expected to
be installed at or near the shoreline of the Great Lakes because they will
require huge amounts of water for cooling purposes. For the steam
generating capacity projected to be installed in the Great Lakes by 2020,
the amount of land required for thermal plants by 2020 would be about
69,000 acres. Assuming the number of plant sites required are on the
order of 150 to 200, and that they are all situated on the lakeshores, a

maximum of about 200 miles of shoreline would be required out of about
4,000 miles of existing mainland shores. However, increasingly stringent
environmental regulations and intense competition for shoreland resources may alter this projection. In addition to the amount of land
required for the projected power plants of the future, the amount of
circuit miles of transmission lines planned by 1980 will require an
additional 74,000 acres of land; those contemplated between 1981 and
1990 will require another 34,000 acres.
In addition to the large amounts of land required for future
energy production, large volumes of water are also required for thermal
power cooling. In 1970, 17,238 mgd of water were utilized for thermal
power cooling. At the rate of energy production contained in Table 1 for
the year 2020, assuming once-through cooling systems, 222,949 mgd of
water would be withdrawn. Assuming all supplemental cooling, 3,538
mgd of water would be withdrawn in the year 2020. In addition to the
water withdrawals, the consumptive use of thermal power cooling water
is also extremely important. In the year 2020, with once through cooling

I
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Table 1.

Great Lakes Basin Power Region Supply Data

Power Requirements and Supply

Annual Peak (MW)
Annual Energy Reqmnts. (10° kWh)
Annual Load Factor (%)
Installed Capacity (MW)
Thermal
Hydro
Total
Net Generation (10 kWh)
Thermal
Hydro
Total

1965

1970

1980

2000

2020

20,641
118,606
65.6

27,944
161,303
65.9

20,867
4,075

28,745
4,067

55,447 174,327
5,940
6,900

449,076
10,200

24,942

32,812

61,387 181,227

459,276

364,639
50,138 150,769
294,807 901,076 2,192,872
68.5
68.0
66.9

98,538
21,060

129,704 287,455 949,461 2,434,475
32,254
26,761
25,163
26,274

119,598

155,978 312,618 976,222 2,466,729

Composition of the Thermal Power Supply
Capacity
Energy Factor
(10 kWh)
(%)
Noncondenslng
Fossil Fuel
Nuclear
. Total

Noncondensing
Fossil Fuel
Nuclear
Total

Noncondensing
Fossil Fuel
Nuclear
Total

Capacity
(MW)

Capacity
Energy Factor
(10 kWh)
(%)

Capacity
(MW)

561
97,796
1 81

1965
24
54
28

269
20,523
75

1 ,736
1 23,702
4,266

1970
11
56
27

1 ,744
25,173
1 ,828

98,538

54

20,867

1 29,704

52

28,745

5,761
1 45,565
1 36,1 29

1980
21
51
78

3,1 90
32,482
1 9,775

26,283
73,763
849,41 5

2000
20
28
75

1 4,948
29,670
1 29,709

287,455

59

55,447

949,461

62

174,327

75,333
36,090
2,323,052

2020
20
43
67

42,858
9,500
396,71 8

2,434,475

62

449,076

Source: Great Lakes Basin Framework Study, Appendix 10, Power

v.

1.,4

v,
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systems, 1,738 mgd would be consumptively used, and with all
supple-

mental cooling, 2,707 mgd would be consumed. The water
supplies from

the Great Lakes sources, inland lakes and streams, ground water,
and

instream or offstream reservoir storage are projected to be
sufficient to

meet these water withdrawal requirements. This will remain true,
provided that water quality remains high enough to enable ef cient
and
economic resource utilization. The criteria for land uses, in conjunc
tion
with water use, should not be underestimated. This may be the
single
most important factor in facilitating or restricting increased
energy
production and water resource utilization for the future in the
Great
Lakes Basin.
It appears that energy consumption will continue to increase
in the future. It is imperative that research programs be established
Which provide the necessary information on the consequences of energy

resources production, extraction, conservation, and utilization, in
order

to insure a clean and safe environment while supplying adequate amounts
of energy. As can be seen in the following review of agency programs,
the federal government will have a major and diverse role in directing
the necessary research.
Principal Federal Programs Involving Great Lakes Energy Related
Research

The diverse mix of governmental institutions of several levels
operating within the Great Lakes Basin represents a potential problem
area with regard to energy-related research. Because of the seriousness
and urgency of the energy problem, many agencies have directed some of
their research efforts to this area. However, unless these efforts are well

coordinated, con icting goals and duplication of efforts could result. It
was the purpose of the Second ICMSE Conference to illuminate federal
and non federal programs and research efforts related to energy use in
the Great Lakes Basin, in order to promote the most efficient and
bene cial utilization of scarce resources.
The federal agencies with a major role in energy-related
research in the Great Lakes Basin include the Department of Commerce,
the Department of the Interior, the Environmental Protection Agency,
and the Energy Research and Development Administration (recently
evolved from a reorganization of the Atomic Energy Commission). Other
federal organizations involved in energy-related Great Lakes research
include the National Aeronautics and Space Administration, the National
Science Foundation, and the US. Army Corps of Engineers.
The energy related research of the federal agencies, as dened by this conference, represents a broad range of activities, including
activities which are only indirectly involved with the energy issue.

l
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Furthermore, many of the federal programs are national in scope, but
have very direct application to the Great Lakes. Most national research
programs are based on the assumption that basic information developed
at one location may be applicable for production purposes at another
location. Thus, because the scope of federal involvement in Great Lakes
energy related research is so broad, only a brief overview of the federal
'
programs is practicable in this article.
key
of
Table 2 summarizes, in matrix form, the involvement
federal agencies in four energy-related research areas, as described in
the individual summaries of federal programs which follow. These research areas correspond with the topics of the workshop sessions, as
described earlier in these proceedings. Funding level data, if available,
are also included in Table 2. The energy-related programs of the federal
agencies are described in more detail in the individual agency reports,
which follow this summary.
The Department of Commerce s role in energyorelated Great
Lakes research lies entirely with the National Oceanic and Atmospheric
Administration (NOAA). In addition to the six major line components of
NOAA listed in Table 2, there are two other pertinent NOAA elements,
the Sea Grant Of ce and the Of ce of Coastal Zone Management. Both
the Sea Grant Of ce and the Of ce of Coastal Zone Management are
primarily funding and administrative organizations. The Great Lakes
Environmental Research Laboratory, a regional component of NOAA s
Environmental Research Laboratories, provides the focus for NOAA s
environmental research on the Great Lakes. Of particular importance to
_ the entire Great Lakes research community is NOAA s Environmental
Data Service, the federal agency responsible for disseminating environmental data, including energy-related data, and for providing technical
information to both federal and non-federal users. A description of this
service is given elsewhere in these proceedings.
The Department of the Interior s contributions to energyrelated Great Lakes research are derived primarily from the Fish and
Wildlife Service (F&WS). Most of this research is performed at the Great
Lakes Fisheries Laboratory and has dealt with the environmental impacts of energy production, particularly that related to sh stocks in the
Qreat Lakes. In the past, emphasis has been on the ecological effects of
both thermal discharge and entrainment of organism s caused by the use
of Great Lakes waters for cooling by thermal electric power generating
plants. By law, F&WS reviews the sh and wildlife aspects of applications for permits to construct and operate nuclear power plants. Another
Department of the Interior organization, the Of ce of Water Research
and Technology, has a major in uence on the direction of Great Lakes
energy-related research through annual fund allotments and grants to
state, academic, private, and public organizations.
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Table 2. Involvement of Key Federal Agencies in Energy
-Related
Great Lakes Research
Atmospheric
Funding
Sources Transport
FY 75
and
a.
(in millions) Emissions Removal

Department of Commerce
National Weather Service
National Environmental Satellite
Service
Environmental Research Laboratories
Great Lakes Environmental
Research Lab.
5
Air Resources Laboratories
Environmental Data Service
National Marine Fisheries Service
National Ocean Survey (Lake Survey

x

2.87

X
X
X

Other Institutions

x

X
X
X

Department of interior
Fish and Wildlife Service
Great Lakes Fisheries Laboratory
Office of Water Research and
Technology

Energy Research and Development
Administration
Research and Assessment Program
on the Great Lakes
Contract Research
Argonne National Laboratory

x

x

Center)

Environmental Protection Agency
National Programs
Ecological Processes and Effects
Pollution Control Technology
Air Pollution Control
Equipment and Technique
Energy Research and Development
Regional Programs
Grosse lie Laboratory
Great Lakes initiative, Region V
Great Lakes Surveillance, Region V
Surveillance and Analysis, Region V
Rochester Field Office (IFGYL),
Region ll
Planning Program, Region V
Permit and Enforcement, Region V
a Region II

Aquatic
Transport
a.
Ecological
Removal Ettects

X

X

X

X
X

x

x

X

X
X
$134.00
5
S
s
s

X

X

X

X

X

X

X

X

X

X
X

X
X

X
X

X

X

X
X

X

X

X

X

1.86
4.30
.75
.75

X
X

3
.12
3 14.88

X

S

2.28

X

$

2.32

X

X

X

X

X

X

'
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The US. Geological Survey, also in the Department of the
Interior, has a major role in energy research, principally with respect to
the location and development of energy supplies. However, since the
major focus of this conference has been on energy utilization and the
effects thereof, the research programs of the U.S.G.S. have not been
emphasized.
The Environmental Protection Agency (EPA) has many programs on both the national and regional level which are relevant to
energy related research (see Table 2). EPA is the primary federal agency
that deals with the abatement of pollution from energy generation.
Ef uent control technology, a topic which was originally scheduled to be a
theme for a workshop of this conference, is a major activity of EPA. A
relatively new but very relevant program of EPA is the Energy Research and Development Program. The major purposes of this program,
according to the of ce of Dr. S. J. Gage, are to ensure:
(1) adequate protection of human health, welfare, eco
system, and social goals
(2) environmental protection necessary to facilitate the
use of energy supplies, with particular emphasis on domestic
fuels
1
(3) implementation of energy system initiatives without
delays caused by inadequate and insuf cient environmental
impact data
(4) development of appropriate cost-effective control
technologies for emerging energy systems
(5) assessment of environmental implications of energy
conservation measures in order to maximize the energy savings
and minimize the associated impacts.

On the regional level, the Grosse Ile Laboratory is responsible
for planning, managing, and conducting research to evaluate the
impact
of human activity on large lakes, such as the Great Lakes. EPA Regions
II, III, and V, which include the Great Lakes, have many programs
dealing with energy-related research in the Basin. These programs
involve surveillance, planning, enforcement, and technical support to the
International Joint Commission.
The newly established Energy Research and Development
Administration (ERDA) is the principal federal agency conducting research speci cally related to energy use. The general basic research
activities of the Atomic Energy Commission, as well as certain energy
research and demonstration programs of other federal agencies, were
subsumed under the ERDA program. The ERDA research program
seeks to obtain information on the effects of energy extraction, conversion, and utilization on human health and environmental quality. In
addition, the research program is designed to provide methods for
achieving adequate sources of energy. The major ERDA research program in the Great Lakes is conducted at Argonne National Laboratory.
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All licensing and regulatory functions formerly conducted by the
Atomic
Energy Commission have beensubsumed under ERDA s sister
0rgani~
zation, the Nuclear Regulatory Commission.
Other Relevant Research Activities

.
Seven Great Lakes states are currently conducting extensive
physical resources and legal authorities inventories in conjunction with

their coastal zone management programs. Much of this information will

be directly relevant to power plant siting issues. In addition, many state
water quality control agencies are currently conducting thermal impact
assessment studies and may be in the process of establishing thermal
discharge standards under the Federal Water Pollution Control Act
Amendments (FWPCAA). In conjunction with this standard setting,
many state sheries divisions are conducting inventories to determine
the natural species diversity and abundance of the shery resources.
Several state public service commissions are presently engaged in various research projects and studies related to power plant
Siting. The Wisconsin Public Service Commission is currently studying
the impacts of both coastal and inland power plant siting, and subsequently, will formulate several alternative policies for coastal zone power
plant siting. The Ohio Power Siting Commission is currently analyzing
the feasibility of predesignation of power plant sites and is considering
both fee simple acquisition and development rights acquisition. The New
York Public Service Commission has recently completed a pilot power
plant site survey and tentatively plans to survey, within the next year,
the remaining portions of the state for potential power plant sites.
The Council on Environmental Quality (CEQ) has sponsored
several investigations of importance to energy issues in the Great Lakes.
CEQ sponsored the development of a data base which quanti es both the
environmental effects of each component of a large number of energy
systems, and the comparative energy systems ef ciency. This data base

is called MERES, which stands for Matrix of Environmental Residuals

for Energy Systems. The CEQ also has recently formulated their Half
and Half Plan, which attempts to establish a national energy plan that
emphasizes energy conservation, improved ef ciency, elimination of
waste, and environmental protection. The plan calls for half the per
capita rate of growth in energy consumption, to be coupled with the
energy conservation program.

The Canadians are also involved in research activities rele-

,1 i

vant to energy production issues. Scientists at the Canada Centre for

Inland Waters (CCIW) in Burlington, Ontario, are conducting extensive
research into various physical and ecological impacts of thermal dissipation and power plant entrainment.

:j; ;
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A number of universities, including three of the four Great
Lakes Sea Grant institutions, are involved in energy-related research
activities. The University of Wisconsin Sea Grant Program has ve
electric power research studies presently underway. These studies are
principally concerned with the physical characteristics and biological
impacts of thermal plumes. The sedimentation and erosion caused by a
nuclear power plant has also been the subject of a research study in the
Wisconsin Sea Grant Program. Aerial remote sensing of thermal pollu
tion in Lake Michigan has been the subject of a University of Wisconsin
Institute for Environmental Studies research project.
The University of Michigan s Great Lakes Research Division
has conducted extensive research investigations into the impacts of
thermal discharges in the Great Lakes. Researchers at the University of
Michigan Sea Grant Program are conducting various research projects in
Lake Michigan, Saginaw Bay, and Grand Traverse Bay, which include
modeling efforts, ecological analysis, and limnological studies, which
could prove valuable for thermal impact assessment. Researchers at the
University of Michigan Coastal Zone Laboratory are presently analyzing
a wide variety of coastal processes.
Scientists in the New York Sea Grant Program are involved
in several studies relevant to energy use effects on Lake Ontario. Studies
currently underway include an assessment of state policies pertaining to
power plant siting; to social, legal, and organizational dilemmas in power
plant siting; to environmental protection and regional economic growth
regarding coastal zone power plants; and to modeling and analysis of
systems to utilize heated ef uents. Another very interesting research
project, due to be completed in September of 1975, is the multiple
utilization of power plant bu 'er zones and transmission corridors. Also
scheduled for completion in September 1975 is a study involving modeling
of biological impacts of thermal discharges in Lake Ontario. Many of
these thermal impact studies conducted on Lake Ontario should be
applicable to the other Great Lakes.
Many private entities are involved in studies relevant to
power plant siting issues. Private utilities conduct extensive site inventories and environmental impact assessments. In addition, utilities frequently contract with universities for environmental impact assessments
or thermal research. For example, Consumers Power Company is contracting with Michigan State University in a three-year study to determine the feasibility of waste heat utilization in agriculture. Detroit
Edison is also contracting with Michigan State University in a ve-year
study to determine the environmental impacts of thermal discharges into
the west end of Lake Erie. General Electric Company, under a National
Science Foundation grant, is conducting an electric generating plant
siting study, involving dispersed siting and energy parks. The intent of
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this study is to compare the environmental impacts and economics
of

these two forms of power plant siting.
The Environmental Research Institute of Michigan, 3 nonpro t private corporation, has conducted extensive research into the use
of multispectral scanning and remote sensing of thermal discharges. In a
study sponsored by the Michigan Department of Natural Resources,

ERIM monitored thermal plumes at selected locations in the southern
peninsula of Michigan during several seasons of the year. ERIM has also

utilized remote sensing technology in a number of coastal zone studies
and in limnological studies associated with the International Field Year

on the Great Lakes (IFYGL) project.
Consulting

rms represent another source of environmental

research and technological development relevant to power plant siting
issues. Frequently, consulting rms, as a result of contracts with utili
ties, develop sophisticated environmental impact assessment and power
plant siting selection methodologies. In addition, several consulting rms
are considered to be leaders in the eld of transmission corridor selection.
The intense competition among consulting rms frequently results in
innovative technological and methodological developments which lead to
an overall improvement of the quality of environmental impact assess
ment and power plant siting decisions.
Role of the Great Lakes Basin Commission

The Great Lakes Basin Commission, composed of eight Great

Lakes states, twelve federal agencies, and one interstate commission,

also has a role in energy-related research in the Basin. Under the Water
Resources Planning Act of 1965, the Great Lakes Basin Commission is
designated as the principal agency for the coordination of planning for
water and related land resources in the Great Lakes Basin among the
various federal, state, local, and nongovernmental entities. As such, the

Commission is vitally concerned With the planning and management of
water and land resources for energy production. Since good research is
the foundation for good planning and management, the Commission is
also vitally concerned with energy-related research.
The Commission desires to insure the availability of a high
quality of life for the residents of the Basin. With respect to future
energy requirements, this entails the accommodation of a reasonable
growth in energy production while preserving and enhancing the quality
of the environment in the Basin. The assumption of increased energy
requirements rests in the fact that even with a reduced population

growth rate and a reduction in the growth rate of per capita energy
consumption, energy demands will still increase due to both the gradual
population increase (until the year 2020) and the increasing use of energy
devices to conserve labor.
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sessment for facilities and energy production alternatives, includi
ng
offshore drilling and energy facilities that affect the coastal
zone
(4) the selection of a recommended energy system for
the

Great Lakes Region
(5) an implementation analysis including institutional pa-

rameters, policy, plan and program formulation, and implementation

requirements. The eight Great Lakes states and ve federal agencies,
including EPA, Interior, Commerce, ERDA, and FPC, will be involved
in the study as will the Basin Commission and a citizens advisory
committee. This study, which is currently being submitted to the Water
Resources Council for approval to begin preparation of a detailed Plan of
Study, should provide for a more coordinated approach to energy issues,
including energy utilization research, between federal, state, and local

agencies.

Conclusion

Many federal and non-federal agencies are currently involved
in research related to the effects of energy production in the Great Lakes
Basin. As recognized by the second ICMSE Conference on the Great
Lakes, it is imperative that the agencies involved work cooperatively to
attempt to solve the energy problem. To promote this desirable coordination, the energy-related programs of the federal agencies concerned
with the Great Lakes have been described in some detail in the following
sections of this article. This introduction has only highlighted the energy related research programs of federal agencies and brie y reviewed
non-federal activities in this area. Detailed descriptions of individual
federal agency programs follow.
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The Energy-Related Great Lakes
Research Program of the
Department of Commerce
Eugene J. Aubert
ment of
Great Lakes Environmental Research Laboratory, US. Depart
Commerce, Ann Arbor, Michigan
The Department of Commerce involvement in energyrelated Great Lakes research rests entirely with the
was
National Oceanic and Atmospheric Administration (NOAA). NOAA
by
1970,
3,
r
Octobe
on
created within the US. Department of Commerce
1970.
of
4
No.
Congressional action of Presidential Reorganization Plan
sympoExcerpts of the NOAA Mission pertinent to the content of this
sium are as follows:

NOAA will make possible a balanced Federal program to
improve our understanding of the resources of the sea, and
permit their development and use while guarding against the
sort of thoughtless exploitation that in the past laid waste to so
many of our precious natural assets. It would make possible a
consolidated program for achieving a more comprehensive
understanding of the oceanic and atmospheric phenomena,
which so greatly affect our lives and activities. It would
facilitate the cooperation between public and private interests
that can best serve the interests of all.
NOAA will observe, collect, analyze and process comprehensive data and information about the state of the atmosphere, of
the oceans and the resources thereof, including the seabed, and
of inland waters and prepare and disseminate predictions of the
future state of the environment and will perform research and
develop technology as necessary to discharge its responsibility.
NOAA will perform basic and applied research and develop
technology related to the state and utilization of the resources
of the ocean and inland waters, including the seabed, and of the
atmosphere as may be necessary to develop an understanding
of the processes and phenomena involved.
NOAA will operate and maintain a system for the storage,

5
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retrieval and dissemination of data relating to the state
and
resources of the oceans and inland waters, includin
g the
seabed, and the state of the atmosphere and will perform
research and develop technology as necessary to discharge
its
responsibility.

The six major line components of NOAA, i.e., the National
Weather Service, the National Ocean Survey, the National Marine
Fisheries Service, the National Environmental Satellite Service, the
Environmental Data Service and the Environmental Research Laboratories, are all centrally organized; within this structure, the National
Weather Service and the National Marine Fisheries Service are each
regionally organized. Within the Environmental Research Laboratories,
the Great Lakes Environmental Research Laboratory addresses the
Great Lakes and the Great Lakes Basin. NOAA includes two other
Primary Organizational Elements pertinent to the symposium Sea
Grant Of ce and the Coastal Zone Management Of ce.
The Administration performs research and operational environmental services pertinent to three of the workshop sessions, i.e.,

Atmospheric Transport and Removal Processes, Aquatic Transport and
Removal Processes and Ecological (Biological) Effects.
An overview of the mapping of these workshop sessions and
the research and services of NOAA Primary Organizational Elements is
contained in Table 1. This table identi es key words within these workshops to better de ne the NOAA involvement.
National Weather Service (NWS)

Forecast Organization
The meteorological organization of the National Weather
Service has the following three echelons for forecast purposes:
(1) The National Meteorological Center (NMC) is the backbone of the entire organization. The National Severe Storms Forecast
Center (NSSFCO), the National Hurricane Center (NHC), the Hurri-

cane Warning Centers at San Francisco and Honolulu and the Regional
Center for Tropical Meteorology (RCTM) at Miami may also be consid
ered in this echelon. NMC is responsible for the preparation of much of
the synoptic scale guidance material and long-range forecasts used by
lower echelons, providing a single source for hemispheric analyses and

prognoses.

(2)

i,
~';.j '

"

The Forecast Of ces (WSFOs), numbering 50, including

Alaska, Hawaii, and Puerto Rico, are responsible for warnings and

forecasts for states, or large portions of the states, and assigned areas.
State forecasts are issued twice daily for time periods up to 48 hours. An
extended outlook is issued once daily for up to 5 days for these same

1
v

areas. In critical weather situations, area or statewide warnings are
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Table 1.

NOAA Research Involvement
NW51

Mess2

ERL
ARL

ERL'
GLERU

ense

NMFS

NOS

SEA

GRANT

1. Atmospheric Transport &
Removal
Observation operations &
research

Weather prediction
Research
(observation/analysis/model)
' Transport & diffusion
' Deposition fallout/rainout
° Land-lake effects
lnformation systems
Archlve retrieval data

2. Aquatic Transport & Removal
Processes
Physical limnological
research
(observation/analysis/modeI)
Chemical & biological

research

(observation/analysis/model)
Hydrology
(observation/analysis/model)
Observation

lNWS National Weather Service
2NESS National Environmental Satellite Service
aBEL Environmental Research Laboratories
ARL Air Resources Laboratories
5GLERL- Great Lakes Environmental Research Laboratory
6EDS Environmental Data Service
7NMFS National Marine Fisheries Service
* NOS National Ocean Survey

><><><><

><><><

' Fish harvest

Productlvity, eutrophication
Observation studies
Analysis
Modeling
Archlve

><><><><><

3. Ecological (Biological) Effects
Aquatic communities'
microbiology
° Benthos
' Phytoplankton
' Zooplankton
' Fish

><><><><

Archive
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issued to the public, as are various specialized forecasts and warning
s.

This echelon provides the main eld forecast support for the marine and
aviation programs, as well as guidance for the agricultural and

re

weather programs.
The following WSFOs provide services for the Great Lakes
area: Minneapolis, Milwaukee, Chicago, Indianapolis, Detroit, Cleveland
and Buffalo.
(3) The Weather Service Of ces (WSOs) represent the third
echelon of the system. Local forecasts are adaptions of the zone forecasts. They are issued to meet local requirements, but do not extend
beyond the period covered by the zone forecasts. This echelon has
important county warning issuance and distribution responsibilities.
WSOs servicing the Great Lakes Region include Duluth,
Marquette, Sault Ste. Marie, Green Bay, South Bend, Grand Rapids,
Muskegon, Alpena, Flint, Toledo, Erie, Rochester, and Syracuse.

Administrative Organization

NWS Headquarters is located at Silver Spring, Maryland.

Regional Headquarters encompassing the Great Lakes are the Eastern

Region located at Garden City, New York, for New York, Pennsylvania,
and Ohio, and the Central Region located at Kansas City, Missouri, for
Michigan, Indiana, Illinois, Wisconsin, and Minnesota.
Marine Weather Program Great Lakes
Forecasts and warnings for ships and recreational boating on
the Great Lakes and for lakeshore warnings of high winds, water level
and waves are provided by WSFOs at Chicago (Lakes Michigan and
Superior), Detroit (Lakes Huron and St. Clair), Cleveland (Lake Erie),

and Buffalo (Lake Ontario).
During the boating season other NWS of ces issue forecast
summaries for recreational boating for their assigned areas of responsibility for nearshore (5 miles from shore) waters.

Information relative to ice formation and movement at the
end of the normal Great Lakes navigation season and predictions of ice
breakup in the spring are furnished to the Coast Guard and shipping
interests by WSFO, Detroit.
Advisories are issued by WSFO, Cleveland, for storm surges
in Lake Erie. WSFO, Chicago, issues seiche warnings for southern Lake
Michigan, and WSFO, Detroit, does the same for Saginaw Bay in Lake
Huron.
Observations from American and Canadian ships, plus local
observations from Coast Guard installations and other cooperators, supplement the guidance material received from the basic weather service.
The warnings and forecasts are disseminated by N0AA
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Weather Radio, by Coast Guard and commercial radiotelephone stations
and by regular AM and FM radio and television stations.
Observing Program Great Lakes

The Great Lakes Marine Data Acquisition Program consists
of a network of coastal and ship observing stations on the Great Lakes
which supplement the basic hemispheric network with observations at
synoptic times. The ship stations are primarily cooperative ore, coal and
grain carriers, and car ferries. Several US. Coast Guard ships also
participate. The coastal network consists primarily of US. Coast Guard
installations. Coordination of activities is essential because the area lies
within two NWS regions and borders on the Dominion of Canada, where
a similar program is maintained.
The Mobile Ship Stations of the program are supervised and
maintained by the Port Meteorological Of cer (PMO), WSFO, Cleveland,
Ohio. The observing program at cooperative Coast Guard stations is

supervised by speci ed NWS Of ces.
About 40 US. lake carriers make observations every 6 hours
and report to WSFO, Cleveland, when underway on the lakes. Instru

ments, including anemometers, are supplied by NWS. A few additional
ships with privately owned instruments have also been recruited in the
program. Canada maintains a similar program.
Ship observations are transmitted to commercial or US.
Coast Guard radio stations, or under certain circumstances they may be
transmitted to Canadian radio stations.
The NWS has Radar Observation stations at Detroit, Buffalo,
and Neenah, Wisconsin. Each station transmits regular reports over
long-line teletype for use of other concerned NWS of ces.
Pilot balloon observations are taken at Duluth, Marquette,
Sault Ste. Marie, Green Bay, Muskegon, Alpena, Flint, Toledo, Buffalo,
and Syracuse for the Upper Air Observational Network. Rawinsonde/radiosonde observations are available from Green Bay, Sault Ste.
Marie, Flint, and Buffalo.
National Environmental Satellite Service (NESS)

The NESS observation program related to the Great Lakes
draws on NASA development and NCAA operational satellite activities.
These satellites have recently included NOAA Z, NCAA-3, NOAA 4,
SMS/GOES l and ERTS l. Surface resolutions vary from 100 meters to
8 kilometers; operating wavelengths cover the visible, near-infrared and
thermal infrared portions of the electromagnetic spectrum. Temporal
coverage ranges from half-hourly (geosynchronous SMS/GOES) to twice
daily (NOAA satellites) to once every 18 days (ERTS).
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The following sections discuss the NESS research programs

pertinent to the Great Lakes.
Lake Surface Temperature

NOAA 4 VHRR data are analyzed at an effective 4 kilometer
resolution to provide surface temperature charts in cloud-free areas.
Upwelling events are easily monitored by VHRR as are strong nearshore

circulations typical of spring and fall. Such temperature charts serve as
input to evaporation calculations also.
Circulation of Near-Surface Water

ERTS l has been valuable for charting circulation features as
a function of an effective weighted wind stress for the following selected
areas: southern Lake Michigan, southern Lake Huron, Lakes St. Clair,
Erie, and Ontario. Circulations in most areas are in good agreement with
the past surface studies. NOAA-satellite data further augment these
analyses when a water color tracer is not obvious to ERTS, but a thermal
feature exists.
Chemical Precipitation CaCOg WhitingS
ERTS l has shown us the lakewide signi cance of whitings.
These calcium carbonate precipitations occur chie y in Lakes Michigan,
Erie, and Ontario after the lakes become highly supersatyrated with
Ca

and CO3 ions during the warm summer months. The extremely

turbid phenomena in the upper 10 meters of the water column lend
themselves to be monitored for circulation and evolution of the event. We
expect VHRR and possibly SMS/GOES will enable more thorough moni
toring of whitings in the coming year.
Algal Concentrations in Near-Surface Waters
ERTS l has demonstrated the capability to monitor, from
space, surface bio-mass in the Great Lakes. These features are often

extremely high in contrast and make good tracers for surface circulations
and for monitoring these coastal waters for poor water quality.

Lake Ice Freezeup and Thaw Monitoring Temperature of Ice Surface

During the winter of 1974 75, Lake Erie ice cover will be
VHRR on the NCAA 4 satellite. An atlas of imagery to be
the
by
imaged
compiled will illustrate ice formation, evolution, and dissipation. Tape
data will be computer-manipulated to enhance ice features. Meteorological conditions in adjacent land areas will be used to analyze ice dynamics.
SMS/GOES will also enable scientists to study short-term (hourly) dynamics when ice changes are rapid. Also the NESS Of ce of Operations
regularly produces and distributes Great Lakes Ice Charts from photo

L
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interpretation of satellite images from December through April each
year.
Basin Snow Mapping

Applications research to improve satellite snow mapping
techniques is a major part of the NESS hydrology research program.
Recent advances include a method for crudely estimating snow depth
from VHRR visible-spectrum data, even in wooded areas, thus estab-

lishing the usefulness of thermal infrared data for snow mapping.
The ERL Air Resources Laboratories

The Air Resources Laboratories of the Environmental Re
search Laboratories (ERL) has developed a computerized post factum
trajectory model for primary use in the boundary layer to determine the
transport, diffusion, and deposition of e luents on a regional to continental scale. The main features of the model include the following:
Trajectories from any origin in the northern hemi(1)
sphere.

Trajectories four or more times daily.
(2)
Trajectories of any duration (days or weeks).
(3)
Trajectories forward or backward in time.
(4)
Trajectory computations using winds at any level above
(5)
sea level or using winds averaged in any layer above average terrain
where the winds are observed (pibal or rawinsonde), or analyzed (at grid
points).

Tables giving the details of trajectory computations.
(6)
A listing of punched IBM data cards giving trajectory
(7)
end points after selected durations.
Plotted trajectories for any desired map scale on either
(8)
stereographic projections.
Polar
or
Mercator
maps depicting percent of trajectory traverses
Plotted
(9)
or year.
season,
during a week, month,
long term surface air concendepicting
(10) Plotted maps
trations.
(11) Plotted maps depicting long-term surface air concentrations depleted by deposition and maps of the surface deposition.
(12) Short term surface air concentrations at a point (or
several points) including a tabulation of the trajectories that contributed
to each concentration and amount contributed.
(13) A comparison of trajectory and wind-rose percentages
by sector.
Besides the above program, ERL has been involved in problems of establishing and maintaining a precipitation chemistry network in
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the United States. Presently we are funding an intercomparison of
precipitation collectors and analysis techniques at Cornell University. A
cooperative effort is being made with EPA to upgrade the present U.S.
network.
The ERL Great Lakes Environmental Research Laboratory

(GLERL)
The

Great Lakes

Environmental

Research

Laboratory

(GLERL) is the newest of the Environmental Research Laboratories
(ERL). It was established in April 1974 to provide a focus for NOAA s

environmental research in the Great Lakes region.
The mission of GLERL is to conduct research directed toward
an understanding of the environmental processes in the Great Lakes and
their watersheds. Emphasis is placed upon an interdisciplinary systems
approach to the solving of problems in resource management and environmental services for that region. In support of this mission, the
following central objectives are pursued:
(1) To improve environmental information concerning properties, processes and phenomena (e. g., climatology, prediction and sim
ulation) of the Great Lakes and the Great Lakes watersheds.
(2)

To develop improved environmental service tools and

data, information and consulting services to support user needs in
government and private organizations.

(3)

priate.

To provide an environmental advisory service, as appro-

The scope of GLERL s research includes eld, analytic, and
laboratory investigations into the limnological, hydrological, meteorological, and limnogeological properties of the lakes, basin, and atmosphere. New and improved environmental service tools are developed to
de ne the spatial and temporal variation of environmental properties and
to simulate and predict environmental properties and phenomena as they
are relevant to problem-oriented research. Assistance is provided to
resource managers and others in obtaining and applying the environ
mental information and services developed by GLERL. The research
products of GLERL include data, reports, articles, presentations, and
tools for coordination with resource managers and the scienti c communit .
The GLERL was formed to develop improved environmental
y
information for various users. As the coastal zone is the area of most
intense human activities in the Great Lakes, GLERL s program will pay
special attention to this zone and programs directed toward the most
pressing problems of this area will need to be de ned to assist in the
solution of the real environmental problems and questions regarding the
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lakes. Our research supports the National Weather Service, Sea Grant
and Coastal Zone Management of NOAA and other Federal, State, and

private organizations with needs for environmental data and information.
The present research program of GLERL is grouped into the
following projects:
(1)

Water Circulation

The overall objective is to develop climatological information
on the natural distribution and variability of currents, thermal structure,

and interdependent meteorological and hydrologic properties and to
develop improved models to simulate and predict the current, tempera
ture, transport, and diffusion in the lakes, bays, harbors, and rivers of

the Great Lakes area. The aim of prediction is to explain signi cant
features of the natural variability and to provide information to support
the environmental decisions of alternate management strategies. Observational studies collect relevant data to de ne the magnitude and scales
of natural variability and to support numerical model development and
testing. Important problems include the coupling processes between
wind and water (i.e., stress), thermal effects, the nearshore jet, trans

port and diffusion processes, mechanisms of exchange between the
inshore and open lake regions and processes of upwelling and down
welling.
(2)
Surface Waves and Surface Oscillations
The objectives are to develop improved climatological infor
mation on the natural distribution and variability of surface waves, wind
tides, and storm surges and to develop improved prediction models to
explain this natural variability of use in routine forecasting and for
climatological use.
(3)
Lake Ontario Energy Budget
The objectives are to establish biweekly heat budget of Lake
Ontario during the IFYGL observation period (April 1972 March 1973)
and to ascertain the variation and variability of the various heating
processes.
(4)
Aquatic Ecology Models
The objective is to develop and test a hierarchy of mathematical models of the Great Lakes ecosystem which incorporate the
functional relationships between the physical, chemical, and biological
quantities and realistically portray the changes of carbon in the ecological
components. These models will increase our understanding of these
relationships and predict the consequence of alternate management
strategies for the lakes. Submodels will be developed to represent the
dynamics of important properties, including inorganic carbon, phosphorus, nitrogen, phytoplankton, zooplankton, etc. Important problems
include the understanding and development of prediction models of the
pathways, cycles, and budgets of chemical and biological quantities.
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Planktonic Competition and Succession

The objective is to improve our understanding of the competition and succession of plankton species in the Great Lakes over the
annual cycle. Studies in the laboratory and in the eld will address
plankton nutrient competition, zooplankton grazing, and zooplankton
production dynamics. These experimental studies will be designed to
provide information to improve models of the relationships, and these
results will be integrated into the aquatic ecology models.
(6)
Natural Distribution and Variability of Lake Properties
The objective is to increase understanding of the space-time
distribution of selected physical, chemical, and biological limnological

variables. Information on the distribution will be summarized for sepa
rate lakes and the Great Lakes system, and guidelines will be developed
for sampling methods to monitor long-term trends in the Great Lakes.
Tasks underway include a physical-chemical study of the Detroit River,
Lake St. Clair, and the St. Clair River, analysis of Lake Ontario oxygen
pro les, inorganic carbon dynamics, a study of Oswego Harbor, and an
intercomparison of IFYGL chemical observations from various labs.
(7)
Hydrologic Studies
The objective is to understand, quantify, and model the
hydrologic properties, processes, interrelationships, and variability of
the Great Lakes and their watershed. Properties of the hydrologic cycle
as it pertains to the Great Lakes will be observed, analyzed, and

modeled. A useful model exists to simulate and predict the hydrologic
lake levels and ows in the connecting channels. Climatological informa
tion and improved hydrologic models will be developed and tested to
predict water levels, ooding, and river
(8)
Lake Ice

ow for various time scales.

The objective is to develop climatological information on the

spatial and temporal variation and variability of ice on the Great Lakes,

connecting channels, and harbors and to develop and test improved
forecast methods for freezeup, breakup, extent, and thickness of Great

Lakes ice cover, variables of importance to winter navigation on the Great
Lakes. Great Lakes ice characteristics are under investigation for struc
tural and chemical composition.
(9)

Environmental Information Advisory Service

The objective is to de ne and develop an information system

of value to Great Lakes resource managers and planners, to develop

procedures, and to coordinate the GLERL environmental services. Tasks
include the de nition of the environmental information requirements of
Great Lakes resource managers and planners and the GLERL Advisory
Service.
(10) Environmental Engineering Models and Applications
The objective is to develop and test improved simulation and

4.90

E. J. Aubert

prediction models and other tools for user application. The concept is to
develop a scienti c basis for rational decisions for the development and
utilization of Great Lakes resources without impairing the Great Lakes
water quality. Tasks include a study of Maumee Bay, and a phosphorus
model, a lake-scale water quality model, and an atlas of Lake Ontario
physical properties as de ned by the International Field Year for the
Great Lakes (IFYGL) data collection.
(11) Multidisciplinary Projects
The IFYGL Project Of ce remains an active management
function. The US. Joint Management Team Co-Chairman and the US.
IFYGL Coordinator are both members of GLERL. IFYGL is scheduled
to complete the summary international scienti c reports in the interval
1975 1977. A new multidisciplinary project in Great Lakes nearshore
processes is being established at GLERL. This will likely be a long-term

focus for much of our future research.
Most GLERL facilities are now located at 2300 and 2320
Washtenaw Avenue, Ann Arbor, Michigan. They are extensive. We
share a marine facility with Lake Survey Center at Monroe, Michigan, on
the western end of Lake Erie. The SHENEHON, operated by Lake
Survey Center, is dedicated to the GLERL research program. The
chemistry lab, biology lab, and ice lab are in various stages of establishment, and our computer facility has a remote terminal to a CDC 6600
computer with large disk pack capacity.
GLERL is in its rst year, but we have high hopes of making
tions to the progress of Great Lakes environmental
contribu
signi cant
research and services.

The Lake Survey Center of the National Ocean Survey

The Lake Survey began a continuing determination of water
levels of the Great Lakes with the installation of a few water level gaging

stations in 1859. Prior to this time, some records of lake levels, both

continuing and sporadic, had been collected by other agencies and individuals. The Lake Survey s 1859 water level gages, and the earlier gages
as well, consisted of merely benchmarks from which periodic manual
measurements of the vertical distance to the water surface were made.
Principal purposes of the 1859 gages were to de ne the general character
of lake level variations and to relate lake levels to hydrographic surveys.
After 1859 there occurred an increasing recognition of the
need for lake level data for a multitude of purposes including, for
example, determination of the ow of water from one lake to another and
determination of the effects of arti cial changes in the hydraulic system
of the Great Lakes. The Sundry Civil Act of 4 June 1897 provided for lake
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level observations and investigations made necessary by the improve
ment of channels of the Great Lakes between Chicago, Duluth and
Buffalo. This led to the formalization of a lake level project for the Lake
Survey as described in the Annual Report of the Chief of Engineers for
1898, pages 3774 377 5. The lake levels project described therein has been
continued to the present and expanded as the need became apparent. In

1898, the Lake Survey operated 12 water level gaging stations; in 1975, 51
continuing stations are being operated and 60 80 temporary gages are
operated each year for various special purposes.
Most requirements for water level data are of a continuing
nature, i.e., termination or interruption of the requirement is not fore
seeable. Some requirements are of a non-continuing or temporary nature, i.e., the data are needed for a foreseeably terminating, although

occasionally recurring, purpose or period. Requirements are far reach-

ing, and almost all use and development of the water resources of the
Great Lakes involve these data to an essential degree. Users include
many thousands of private boat and real estate owners, shipping compa
nies, power companies, and many other businesses and public agencies.

While some water level data are being collected privately and by public
agencies other than the Lake Survey Center, the large portion of the
water level gaging network of the Great Lakes continues to be a Federal
responsibility with the Lake Survey Center as the responsible agency. In
discharging this responsibility, Lake Survey must not only provide for
current data requirements, but also provide for anticipated future re
quirements. Speci c uses of water level data include the following:
(1)
navigation and piloting of commercial vessels
(2)
navigation of recreational boats
(3)
maintenance of vertical control
(4)
operation of the Lake Superior and Lake Ontario regulation plans
(5)
studies of the regulation of the Great Lakes
(6)
hydraulic and hydrologic engineering studies including
the determination of ows of the out ow rivers and beach erosion studies
(7)
water resources development research
(8)
environmental impact reviews
coastal zone management studies and shoreline con
(9)
struction projects
(10) routine periodic publication
(11) answering individual requests for information.
Records from Lake Survey water level gages, some of which
are digital records and others of which are analog records, are removed
from the gage instruments once or twice each month by contract gage
observers and forwarded to the Lake Survey of ce in Detroit. There the
records are published in various formats. Most signi cant of the publica-
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tionsvis the Monthly Bulletin of Lake Levels, which is sent without
charge to over 6,000 recipients.
As an adjunct to the water level gaging program and often to
support international groups, technical studies are carried out on such
subjects as gaging techniques, gaging patterns, effects of storms and
gravity anomalies. For example, a study was made recently for the
International Nia gara Board of Control on the optimum location of the
gage in the American Falls Channel at Niagara Falls.
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Summary of the ERDA Research
and Development Programs in the
Great Lakes
George W. Saunders, Jr.
Biomedical and Environmental Research, Energy Research and
Development Administration, Washington, D. C.
he Energy Research and Development Administration
(ERDA) was established (P.L. 93 438) to coordinate the
development of all energy sources. Such coordination is needed to meet
the nation s present and future needs related to increasing the productivity of the national economy, strengthening its position regarding
international trade, making the nation self-suf cient in energy, advancing the goals of restoring, protecting, and enhancing environmental
quality, and assuring public health and safety. The Administration is
responsible for bringing together and directing federal activities related
to research and development of the various energy sources, increasing
e iciency and reliability in the use of energy, and for performing other
functions as well. The Atomic Energy Commission s military, production,
and basic research activities are subsumed by the Administration (88
Stat. 1233). Certain energy research, development and demonstration
programs of other agencies are also transferred to the Administration
(Sec. 104 P.L. 93 438). These include some functions of the Of ce of Coal
Research, the Bureau of Mines, the National Science Foundation, and

the Environmental Protection Agency.
Sec. 103 P.L. 93 438 provides the primary justi cation for
ERDA research and development programs in the Great Lakes Basin. As
de ned in this section, the Administration s responsibilities include engaging in and supporting environmental, biomedical, physical, and safety
research related to the development of energy sources and utilization
technologies.
The ERDA research program provides quantitative informa-
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tion on the consequences of energy extraction, conversion, and utilization
operations for human health and environmental safety. This information
is to be used to develop procedures to assess the risks associated with
these operations and to assure safety for the public and for those persons
occupationally involved. The program also provides information in sup
port of achieving adequate sources of energy, preserving a clean envi
ronment, and improving health care.
A basic tenet of the research program is that the general
properties of systems derived from analytical research at one location can
be applied to predict events at different locations. Research performed
on the Great Lakes falls under the broad objectives of the ERDA
program, recognizing that speci c information may be required in this
geographical region.
The Great Lakes Basin has a relatively high population density, especially along the southern boundaries of Lakes Michigan and
Erie, and near the western and along the northern shore of Lake

Ontario. Projections indicate that by the year 2020 the Basin acreage
devoted to power production will have increased 15 times that used in
1970. The volume of waterused for cooling purposes will have increased
by almost the same factor. By 2020 the Basin s urbanized area will
increase by a factor of 1.7. It would appear that use of the Basin for
power production will increase in disproportionate relation to population
increase. It is also probable that other aspects of energy conversion,
transmission, and utilization will increase in an analogous manner. It is
easy to understand that the Great Lakes Basin requires a focus of efforts
leading to proper management of this important national resource.
In 1968 the Atomic Energy Commission initiated the ERDA
research program on the Great Lakes to evaluate the impact of the
nuclear power producing industry in the Basin. Under the ERDA charge
the program is being expanded to assess the impact of the non-nuclear
energy extraction, conversion, utilization, and transmission processes in

the Basin.

A summary of the present ERDA research and assessment
program on the Great Lakes is presented in Table 1. This research is
supported by the Division of Biomedical and Environmental Research
and by the Division of Reactor Research and Development.
ERDA Programs Conducted at Argonne National Laboratory (ANL)

The major portion of the ERDA program in the Great Lakes
is conducted at the Argonne National Laboratory. Argonne s facilities
are owned by the United States government. Under terms of a contract
(W 31 109 Eng 38) between the US. Atomic Energy Commission, Argonne Universities Association and the University of Chicago, the Uni
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ERDA Research and Assessment Program on the Great

Type Program
Atmospheric Transport
Thermal Studies
Fates and Effects of Radionuclides
Nutrient Effects
Assessment at Regional Problems

No. Projects

Funding Level
FY 75

2
3
3

270
651
620

1
2

Total

11

72
710

2323

versity employs the staff and operates the laboratory in accordance with
policies and programs formulated, approved, and reviewed by the Association. The functions of this contract are transferred to ERDA under
Sec. 104 c. P. L. 93 438.
ANL s research, development, and management programs

for the shorelines and water areas in the Great Lakes Region are
summarized in the following sections.
Field Measurements, Analysis, and Modeling and Submerged Diffuser
Discharge
This program is contracted by the Division of Reactor Research and Development with the Energy and Environmental Systems
Division (EES) and is directed toward obtaining a more reliable capability for predicting the thermal elds surrounding submerged outfalls of
various designs for power plants. This involves the measurement of
thermal plumes from large operating plants having submerged discharges, the comparison of eld measurements with examples from
hydraulic model studies, and the creation of a numerical computer model
capable of predicting the characteristics of such thermal plumes. The
research is conducted at two plants on Lake Michigan and at three plants
on Lake Ontario. The project is an outgrowth of work done on surface
discharges in previous years.
Thermal and Transport Phenomena Related to Power Generation on the
Great Lakes
There are two parts to this project between ANL, EES, and
the Division of Biomedical and Environmental Research. The rst consists of a year-round study of winds, lake temperatures, and near-shore
currents at the Point Beach Nuclear Power Plant near Two Rivers,

Wisconsin. Measurements are being made in the region 3 kilometers from
shore where bottom depths are less than 20 meters. A model relating
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winds to currents, and peculiar to the local bathymetry, is being developed. Measurements of eddy diffusivity (dispersion) are also being made
in the surrounding current eld and in the thermal plumes from three
power plants.
The second part of the project analyzes biological effects data
from those operating power plants on the Great Lakes that use oncethrough cooling. Fish entrapment at the water intakes is the primary
effect under study at present, with the goal of assessing the ecological
importance of sh kills at intakes.
Planning and Development of a Coordinated Scope for an EnergyRelated Regional Studies Program (EES DBER)
This project is being coordinated with other national labora
tories and will examine available analytical tools and data bases in order
to recommend an overall approach to be used in a coordinated, energyrelated Regional Studies Program. It will also identify energy-related
public health and environmental problems, specify the need for and
availability of data, data management systems, and models required to
conduct regional studies, and assess requirements for resources including
manpower, facilities, and equipment.
Assessment of Environmental Conditions of the Great Lakes in Rela-

tionship to Power Production

This project is contracted between the Environmental Statement Project (ANL) and DBER. The plan s purpose is to assess the
present environmental conditions of each of the Great Lakes, starting
with Lake Michigan and its drainage basin and adjacent metropolitan
areas. Present and potential cumulative impacts of existing uses, including power production as well as the incremental effects of adding power
plants to this region, will also be assessed in light of the region s present
environmental conditions. The principal elements of the study will aim
toward a comprehensive analysis of land and water use relative to effects
derived from the energy cycle in the region.
Studies of Thermal Transfer to the Atmosphere
This project is conducted by the Atmospheric Physics Section, Radiological and Environmental Research Division, ANL, supported by DBER. Micrometeorological investigations of thermal energy
exchange over the Great Lakes, large cooling ponds, and small cooling
pond simulators have beenconducted. The investigations are designed to
obtain appropriate data for understanding the various transport processes and external factors that affect these processes with regard to the
design of efficient and environmentally acceptable waste heat disposal
from power producing facilities. The measurement of transfer coeffi-
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cients, effects of atmospheric stability upon heat exchange processes, and
development of new methods of measuring air-water exchange can also
be applied to the problem of assessing the mass-energy balance of an
atmospheric pollutant input to large lakes.
Coastal Off Shore Siting

There is a need to develop methods for the assessment of
atmospheric transport and dispersion climatology in the special boundary
and stability conditions peculiar to coastal sites. Southern Lake Michigan
is being examined regarding turbulent dispersive properties of the lower
atmosphere over open water. The information obtained can be used to
describe the behavior of atmospheric pollutants moving along trajectories over the Great Lakes and also as a model for predicting the
dispersive properties in the lower atmosphere over the oceanic waters of
the continental shelf.
Great Lakes Radioecology Program

The objective of this program is to understand the biogeo
chemical behavior of nuclear and non-nuclear energy ef uents in Lake
Michigan and in the other Great Lakes, and to trace their pathways to
man. Emphasis is placed on the behavior of plutonium and trace elements
on both a long-term and short term basis. Comparative data on sedi
mentation, residence time of pollutants, and the distribution of plutonium
in food chains for the ve lakes are being examined.
Transuranic Elements in Natural Waters

Recent work in Lake Michigan has indicated that plutonium in
the water phase of the lake has a longer residence time than expected.
This suggests that plutonium and other transuranics may be complexed
by dissolved organic materials either through biological transformation
or through physical chemical mechanisms and that the availability of
transuranic elements to organisms may be modi ed as a result of com
plexation. The objectives of this project include determining the chemical
and physical forms in which environmental levels of plutonium and other
transuranic elements exist in natural waters, developing more sensitive
analytical techniques for plutonium, neptunium, americium, and curium,

and inferring whether organic complexation will signi cantly alter the
distribution and availability of transuranic elements to the detriment of
human activities in the Basin.
Great Lakes Thermal Studies

The objective of this project is to identify the effects of waste
heat discharges on the local and migratory sh populations of Lake
Michigan. The spatial distribution and density of sh in thermal plumes
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under varying environmental and operational conditions are being examined. The residence time and migratory behavior of sh relative to
plume location are also being studied. Other aspects of body temperature
changes and acclimation of shes are being studied to assess thermo
regulatory behavior and physiological performance of sh relative to
residence time in heated water.
Research Projects Supported at Other Institutions

Plutonium and Americium Concentrations Along Freshwater Food
Chains of the Great Lakes, U.S.A.
This project is contracted between Woods Hole Oceanographic Institution and DBER. The objective is to evaluate the signi cance
of plutonium and americium in relation to public health, water quality,
and environmental impact, in a large freshwater environment like Lake
Ontario. The fate and redistribution of plutonium and americium as a
result of factors controlling biological and geochemical processes and
water circulation are being examined.
Nutrient Enrichment and Eutrophication of Lake Michigan
This project is contracted between the Great Lakes Research
Division, The University of Michigan, and DBER. The objective is to
analyze the roles of phosphorus, silica, and nitrogen relative to their
control of phytoplankton abundance, production, and species composi
tion. This information will be useful in evaluating the impact of energy
producing industries on appropriate areas of Lake Michigan.

EPA Programs

499

Energy-Related Great Lakes
Research Programs of the
Environmental Protection Agency
Tudor Davies

Grosse [[9 Laboratory, Grosse Ile, Michigan
The Environmental Protection Agency was established to
provide coordinated government action on behalf of the
environment. Pollution abatement and control is advanced by an integration of research, monitoring, standard setting and enforcement activities. The energy-related research of the EPA, as de ned by this
symposium, encompasses a broad range of Agency activities which are
generally national in scope, but which have very direct application to the
Great Lakes. The following categories, which outline the Agency s activities, will be brie y described:
(1) national programs of the EPA which have direct application to the theme of the Conference
(2) new and accelerated national initiatives in energy research and development which have direct application
(3) speci c relevant Great Lakes programs of the Agency.
National Programs of the Agency

Ecological Processes and E ects Program Area
The ecological processes and effects research area is respon
sible for determining the effects of air and water pollutants on the
structure and function of ecosystems and on biotic and abiotic subcomponents of these ecosystems. One major objective of the program is to
develop scienti c information necessary for water quality criteria and
secondary air quality criteria.
Some of the speci c programs related to atmospheric transport are Regional Air Pollution Studies, Ecological Impacts of Air

be
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Pollution, Formation and Decay of Pollutants in the Atmosphere, and
Meteorological Research for Abatement, Control, and Analytical Model-

mg.

There is a series of programs which relates to the develop
ment of criteria for setting water quality standards for the propagation
of freshwater life. Other programs develop the scienti c basis for predicting and assessing the fate of pollutants which enter fresh surface
waters and the potential exposure of biomass and aquatic life to these
pollutants. Various laboratories investigate the transport transforma
tion, degradation and ultimate fate of pollutants, and their environmental
impact in fresh surface waters, ground waters, and in large and small
lakes.
There is a speci c program that assesses the amount, behav
ior, and non-organic effects of heat discharged to the aquatic environment. Inter-laboratory studies on the ecologic effects of pesticides and
toxic substances have been developed speci cally to screen toxic substances in a preliminary fashion for administrative decisions of environmental compatibility.
Pollution Control Technology
Pollution control technology can be divided into municipal
pollution control, which is largely beyond the scope of both this sympo
sium and industrial and nonpoint source pollution control.
(1) Industrial Pollution Control Program Area
The following are objectives within the Industrial Pollution
Control Program Area:
(a) to develop and implement full-scale demonstrations
and eld evaluations of new or improved waste treatment or economical
control processes and measures resulting from new knowledge developed
through EPA and/or external research efforts on industrial manufacturing pollution abatement methods;
(b) to develop tertiary advanced waste treatment which
will permit recycling and closing of the loop in water use industries and
in plant processing change to reduce waste discharge;
(c) to develop processes to permit by-product recovery
and reduce treatment cost. These include both heavy and light industries.
The program output will be new or improved methods for the
abatement of water pollution caused by the discharge of wastes from
heavy industries. These industries include, but are not limited to, metal
and metal products, chemicals and allied products, petroleum and coal
products, machinery and transportation equipment manufacturing, textile mill products, and rubber and plastic products, in addition to joint
industrial/municipal waste sources. Program effort will be directed
towards developing the best available economically achievable (BAT)

#
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control of pollutants at minimum cost, and the technology to achieve
closed cycle water reuse systems for industrial plant water management.
Major emphasis will be placed on advancing technology to full-scale plant
systems, and on integrated multi media pollution abatement technol
ogy
incorporating not only water reuse but product and by-product recovery

from aqueous, air, and solid residues to produce total
environmental

control systems for industrial plants.
(2) Nonpoint Pollution Control Program Area
The general objectives are to develop data, decision-making
tools, and technology required to predict and assess the impact of
pollutants from nonpoint sources such as agricultural activities,
active

and worked out mining operations, hydrologic modi cations, and oil and
hazardous materials spills. The research will be used to develop cost
effective management and prevention and control systems.
Air Pollution Control Program Area
This program develops and makes available control devices,

processes, and approaches for control of air pollutants at their source.
Four principal areas are currently de ned. These are sulphur oxides,
nitrogen oxides, particulates and hazardous and other pollutants.
Equipment and Technique Program Area

This program develops methods and instrumentation for the

detection, identi cation, and quanti cation of pollutants in all media at

the lowest signi cant concentration. Associated with this program is the
analytical quality assurance activities within the Agency, which attempts
to insure that all environmental laboratories in the Agency achieve an
acceptable and consistently high quality analytical product.
I
Many other signi cant activities in the Agency s program
occur outside research and development. Perhaps the most visible activity is the development of ef uent guidelines documents for speci c
industrial segments. These development documents present the ndings
of extensive studies of the speci c industries for purposes of developing
ef uent limitation guidelines, standards of performance, and pretreatment standards for the industry to implement Sections 304, 306, and 307

of the Federal Water Pollution Control Act of 1972 (PL 92 500).
The ef uent limitation guidelines set forth the degree of
reduction of pollutants in ef uents that is attainable through the application of best practicable control technology currently available
(BPCTCA), and the degree of reduction attainable through the application of best available technology economically achievable (BATEA) by
existing point sources for July 1, 1977, and July 1, 1983, respectively.
Standards of performance for new sources are based on the application of
best available demonstrated technology (BADT).

,,

502

T. Davies

Annual costs for the industry for achieving BPCTCA Control
by 1977 are estimated, andthe additional annual costs for attaining
BATEA Control by 1980 are also estimated.

New Energy Research and Development Program

The precise de nition of the new and accelerated initiatives in
energy related research in the Agency is not complete, but the following
statement provided by the of ce of Dr. Stephen J. Gage outlines the
research strategy:
The technological development and implementation required for increased energy production and energy self-suf ciency must be sensitive to the effects that residuals from
energy development will have on health, welfare and the
ecological system. If this sensitivity can be incorporated into
the energy development and implementation processes, domestic energy resources can be broadly utilized in harmony
with the environment. Knowledge of the health, ecological and
welfare effects of an energy system before it is implemented
can avoid the enormous costs associated with the need to
retro t controls on an operational system, or to clean up wastes
once they have been discarded.
Over the very short term, the primary environmental
approach relative to energy development is regulatory. Decisions as to what to regulate have already been made. In this

case, the environmental research program must react to pro-

vide the requisite information for each decision. For the inter
mediate time frame, environmental research must provide a
basis for problem identi cation, i.e., what pollutants or pollution problems are most important to deal with next and what
potential environmental insults can be avoided. The long term
mission of environmental/energy research will shift from the
purely regulatory response to identi ed problems toward a
strategy of prevention based on better understanding of environmental processes and a better insight into the effects of
broad social goals and energy policy on environmental quality.
The purpose of the EPA energy-related research and
development program is the development of a sound scienti c
and technical basis for ensuring (1) adequate protection of
human health, welfare, ecosystem and social goals; (2) en-

vironmental protection necessary to facilitate the use of energy
supplies with particular emphasis on domestic fuels; (3) implementation of energy system initiatives without delays caused
by inadequate and insu icient environmental impact data; (4)
development of appropriate cost-effective control technologies
for emerging energy systems; and (5) assessment of environmental implications of energy conservation measures in order
to maximize the energy savings and minimize the associated
impacts.
The EPA energy-related environmental research and de
velopment program is functionally divided into three closely
related activities: (1) the Processes and Effects program to
determine the environmental effects (and hence the control
requirements) associated with energy extractions, transmission, conversion and use, (2) the Environmental Control Tech
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nology Program to identify, develop and demonstrate necessary control techniques based on the source ef uent and
ambient pollutant control requirements speci ed in (1), and (3)
the Policy Implementation Research Program to evaluate the
environmental, economic and social consequences of alternative
control strategies for energy systems as input to EPA policy
formulation.
(1)

The Processes and Effects Research Program the

energy related processes and effects research program is composed of three general sub-activities: (a) pollutant identi cation, measurement and monitoring; (b) health effects; and (c)

freshwater, marine and atmospheric/terrestrial ecological
processes and effects. The program is designed to determine
the environmental effects associated with energy extraction,
transmission, conversion and use so that measures can be taken

in a timely manner to protect human health, the ecosystem and
social goals. Identi cation of the pollutants released by en~
ergy-related industrial operations and determination of their
impact on the human and natural environment will de ne the
environmental control requirements for the pollution opera
tions.
(2) The Environmental Control Technology Program
the environmental control technology program is divided into
four general subactivities: (a) extraction and bene ciation; (b)
fossil fuel combustion; (c) synthetic fuels; and (d) advanced
systems and conservation. The program is designed to identify,
develop and demonstrate cost-effective control techniques for
energy extraction, transmission, conversion and use. The pro-

gram necessarily involves assessment of pollution potential of
source ef uent streams and the technological processes prod
ucing those pollutants as well as research and development on
control devices and process modi cations to reduce the impacts
of the pollutants on ambient conditions. The thrust of the
program is to provide adequate environmental protection as
the nation moves toward expanding use of domestic fuels.
(3) The Policy and Implementation Research Program
the objective of the policy and implementation research program is to develop comprehensive environmental protection
standards for energy production activities while attempting to
balance the environmental and economic costs. The comprehensive evaluation of environmental, economic and social con-

sequences of energy alternatives is used as a basis for EPA
policy formulation. The purpose of the increase is to expand
these evaluations and to provide early output from the R&D
program to the Agency and to other Federal agencies involved
in energy R&D and energy regulation.

The program is planned on a ve year basis with $134million
being programmed for expenditure in FY 75.
Speci c Great Lakes Programs of the Agency

Research and Development Program of the Grosse Ile Laboratory
NERO-Corvallis
(1) Program Objectives
As one of the Grosse Ile Laboratory s missions, it plans,

,
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manages, and conducts a research program to evaluate the impact of
human activity on large lakes.
Speci cally, the laboratory plans and conducts eld, laboratory and extramural studies to de ne the behavior and the effect of
pollutants on large lake systems. Studies describe the system processes
and problems pertinent to the Great Lakes in order to establish a
scienti c basis for the establishment of Great Lakes water quality
criteria and waste discharge control. This includes predictive models of
chemical, physical, and biological processes affecting pollution in large
lakes; assessment of pollution problems in the Great Lakes; determina
tion of ecological stresses caused by power generating plants in large
lakes; and development of guidelines for dredging operations and spoil
disposal. Another important objective is to further the laboratory s
association with the International Joint Commission Research Advisory
Board and Upper Lakes Reference Studies.
(2) Major Components of the Program
(a) Nutrient Control Requirements. This effort will be
an attempt to re ne and de ne the control requirements necessary to
reverse the eutrophication problems in the Great Lakes.
(b) Waste Heat Discharge Control Requirements.
Field studies relating to organism entrainment in cooling waters and
associated effects due to existing facilities will be studied to develop
guidelines.
(c) Dredging Control Needs. Field and laboratory activities related to the effect of dre dging and dredge spoil disposal are
being conducted.
(d) Hazardous Material Flow. Efforts are initiated by
GIL to quantify the physical transport of these materials and their
biological chemical transformations in the ecosystem. This effort will
include class type hazardous material balances in the Great Lakes.
(3) Activities
The research program was initiated in 1972 with the EPA
Grosse Ile Laboratory managing the biological-chemical program of the
International Field Year for the Great Lakes, which was the U.S.-Canada project for the International Hydrological Decade. This program,
which was geographically restricted to the Lake Ontario Basin, was a
major interagency program for which NOAA was the U.S. lead agency.
A major goal of the IHD is to advance the state of knowledge of large
fresh water lake systems as a basis for the resolution of water quality
problems, particularly those faced jointly by the United States and
Canada on the Great Lakes.
There were three distinct but related parts of the chemistrybiology program:
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(a) Material balance studies involved the evaluation of
the relative importance of pollution sources and identi cation of sites
where control measures could be effective.
(b) Research on the theory of large lake processes
included an assessment of current pollution stresses by establishing the

current ecological status and conducting scienti c studies of processes,
rates, and mechanisms of the lake as required to determine abatement
and management needs. The effectiveness of such efforts was also
determined.
(c) Mathematical modeling and data synthesization in
cluded the development of predictive tools (mathematical models) for
making management decisions.
The eld program and most of the data analysis have been
completed. The signi cant nal stage of the program is the simulation of
the eutrophic state of the lake under projected waste load management
strategies. First simulations have beensuccessfully completed.
International and interagency cooperative studies have con
tinued on a slightly smaller scale in 1974, 1975, and are projected for
1976. Under the terms of the U.S.-Canada agreement, a framework or

reference study on the present condition of the upper Great Lakes,
Huron and Superior, are being conducted as an international project. The
Grosse Ile Laboratory is particularly concerned with southern Lake
Huron and Saginaw Bay, with other agencies conducting studies on th
other geographic areas of the upper Great Lakes.
Similar baseline studies are being concluded in Lake Erie in
the current year. These eld studies of Lakes Ontario, Erie, and Huron

provide the data base for the development of a capacity to simulate the
response of the lakes to various waste loadings and developing management strategies. By mid-1976 a capacity will have been developed by the
GIL Program to predict the effect of various nutrient control measures
on the lake system, Huron Erie-Ontario. The development of these geographic large-scale, long-time interval, simulations is supplemented by
the development of a predictive capacity for the concentration and
transport of pollutants in small geographic areas. These will be used to
predict the movement of hazardous materials from point source discharges. Active research is ongoing on the pollution potential of harbor
sediments in the Great Lakes. The results ofthese studies are being used
by the dredging working group of the IJC.
The impact of major thermal power plants on the Great Lakes
is being studied in terms of the entrainment of organisms, and particularly on the lakewide effects on sh stocks. This study is closely coordinated with State and other federal agencies which have research and
regulatory responsibilities for sheries protection.
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In each individual and cooperative program serious attempts
have beenmade to coordinate and cooperate with other agencies and
organizations. The expertise of the academic research community has.
been utilized on a broad scale; the speci c talents of NASA have been
used where possible to derive remote sensing information; NOAA has
helped where water circulation information was needed; and Department
of the Interior has provided ows and sheries information.
(4) Signi cant Future Plans
Coordinated efforts to study Lake Michigan have not been
effective in the last decade. Preliminary plans have been developed with
other federal and state agencies and the academic community to begin a
major study period in Lake Michigan beginning in early 1976.
(5) Relationships to International, Federal, and Regional
Mechanisms
'
The major international organization effecting coordination of
water quality regulation and research is the International Joint Commission. The Grosse Ile staff are heavily involved in the various activities
of the Commission. The Research Advisory Board of the IJC has
evolved under the Co-Chairmanship of the Assistant Administrator for
Research and Development for EPA, and lately, the Director, NERC
Corvale with the Director of the Grosse Ile Laboratory serving as
Secretary and Alternate Chairman to the Board and, also, the interface
between the Research Advisory Board and the Water Quality Board. The
staff have served on the various subcommittees and reference committees of the IJC; in the Upper Lakes Reference Study the U.S. Co
Chairman for Nearshore. Studies and Panel Members on Open Lake
Studies are drawn from Grosse Ile Laboratory staff; members of the
Quality Assurance Team and the Surveillance Sub-Committee also are
drawn from Grosse Ile staff; and, nally, technical advice to the Land
Drainage Reference Group is given by staff members.
The laboratory has given technical assistance and scienti c
review to the U.S. Army Corps of Engineers Lake Erie Study, various
activities of the Great Lakes Basin Commission, various state pollution
control agencies, and various other university and private groups.
(6) Funding
The total funds for Great Lakes Research in FY 1975 is
$1,862,000.
Great Lakes Initiative Program- Region V EPA
(1) Program Objectives
The program is administered through the Of ce of the Great
Lakes Coordinator in Region V and assistance is provided by Regions II
and III. Program objectives are to provide a coordinated agency ap-

_
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proach to understanding and solving water quality proble
ms of the Great
Lakes, and provide technical support and advice to
the International
Joint Commission (U C) in relation to its responsibilities
under the Great
Lakes Water Quality Agreement. Principal agency suppor
t is provided

for the U.S.-Canada Great Lakes Water Quality Agreement in
the areas
of water quality investigations, demonstration projects, water
quality

surveillance, research, support for the IJC, and progra
m coordination
and management.

(2)

Major Components and Activities of the Program
(a) Upper Lakes Reference Study. A joint U.S.-Can
ada study of pollution problems of Lake Superior and Lake Huron.
Seven
projects are ongoing on the US. side and are scheduled for comple
tion by
12/31/75.
(b) Land Use ActiVities Reference Study. A joint
U.S.-Canada study of pollution in the Great Lakes system resulting from
agricultural, forestry and other land use activities. Five projects
are
underway on the US. side with completion of the study scheduled for
12/31/77.
(c) International Joint Commission Support. Support to
the IJ C predates the Great Lakes Water Quality Agreement. Currently
it involves Great Lakes Water Quality Surveillance, coordination and
technical support for the IJC Research Advisory Board and program
management.

(d) Sec. 108(a) Projects. This program authorized
under PL. 92 500, provides funding for public agencies to demonstrate
new methods and techniques and to develop preliminary plans for the
elimination or control of pollution within all or any part of the watersheds
of the Great Lakes. Nine demonstration projects are ongoing.
(e) Special Attention Area Investigations. This pro
gram involves contract investigations in 12 areas of the Great Lakes
where pollution is severe and information is needed to develop conditions
for NPDES permits in those areas. These investigations are expected to
be completed 9/75.
(3) Signi cant Future Plans
Future plans include the completion of the Upper Lakes and
Land Use Studies, funding additional demonstration projects under
Section 108(a) program, and continued support of IJC Great Lakes
Programs.
(4) Relationship to International, Federal and Regional
Mechanisms
The program involves active coordination and cooperative

efforts between the US. and Canada and among federal, state, and

provincial agencies concerned with Great Lakes water quality.

1%

508

T. Davies

(5)

Funding
Funding for FY 1975

Upper Lakes Study
Land Use Study
IJC Support
See. 108(a) Projects
Spedial Attention Areas
Total

$1,135,000
900,000
570,000
1,630,000
65,000
$4,300,000

Great Lakes Surveillance Region V EPA
(1) Program Objectives
The Great Lakes Surveillance Branch program objective is to
provide comprehensive monitoring and data analysis necessary to es
tablish a statistically meaningful baseline and trend assessment of water
quality in the Great Lakes Basin. Monitoring activities are con ned to the
main water bodies, embayments, and connecting channels of the Great

Lakes. Tributary and point source sampling is provided by District
of ces of the Surveillance and Analysis Division and by state agencies.
(2) Major Components of the Program
(a) The Lake Operations Section plans and conducts
surveillance activities and coordinates development of sailing schedules.
(b) The Limnology Section develops and implements
surveillance strategy in coordination with other agencies and collates
eld data.
(3) Activities
(a) Support of Upper Lakes Reference Group studies
of Lake Huron and Lake Superior.
(b) Remodeling of EPA research vessels.
(c) Development of coordinated monitoring program.
(d) Development of internationally compatible data
system for Great Lakes monitoring information.
(e) Evaluation of harbor sediments to determine sui
tability for open lake disposal.
(4) Signi cant Future Plans
(a) Continuing surveys of Lake Huron, Lake Erie, and
connecting water bodies.
(b) Completion of initial sediment evaluation in all
federally maintained channels.
(c) Preparation of necessary input to section 305 report
to Congress for 1976.
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(5) Relationship to International, Federal and Regional
Mechanisms
Great Lakes Surveillance Branch provides substantial support to the International Reference Group on Upper Lakes Pollution
and
to the Surveillance Subcommittee of the Great Lakes Water Quality
Board.
(6)

Funding

The FY75 operating budget is $750,000.
Surveillance and Analysis Program Region V EPA

(1) Program Objectives
The Surveillance and Analysis Division provides technical
program support for Enforcement and other EPA programs. Some
speci c activities are described below.
(2) Major Components and Activities of the Program
(a) Compliance monitoring
(b) Spill prevention and response (tributaries)
(c) Laboratory support to state and local agencies
(d) Field sampling and data analysis
(3)

Signi cant Future Plans

(a) Increased support of Enforcement Division s compliance program through a comprehensive compliance monitoring program.
(b) Increased evaluation and inspection of the Spill
Prevention and Control Countermeasure plans being implemented under
Section 311 of PL. 92 500.
(c) Increased surveillance of the Great Lakes and tributaries to quantify those contaminants that may be present and need
removal prior to use for potable water supplies.
(4)
Mechanisms

Relationship to International, Federal, and Regional
V

There is active participation of many staff members in functions of Upper Lakes References Group and Pollution from Land Use
Activities Reference Group of the International Joint Commission (LiC).
(5)

Funding

Funding for FY 1975
Compliance Monitoring
Spill Prevention and Response
Technical and Laboratory Support
Total

$400,000
150.000
200,000
$750,000
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Rochester Field Of ce Programs for International Field Year on Great

Lakes (IFYGL) Region II EPA

(1) Program Objectives
The program objective is to provide a scienti c basis for
assessing the source, fate, effects, and importance of pollutants in the

Great Lakes.
(2) Major Components and Activities of the Program
After several years of planning, the actual Field Year was
carried out from April 1972 to May 1973. The RFO was responsible for
the routine chemical analysis of all IFYGL water samples collected by
the US. IFYGL participants. The RFO was also responsible for the
materials balance program consisting of two parts: a stream study and a
main-lake study.
(3) Signi cant Future Plans
Data evaluation and report writing for the entire program is
ongoing and will probably not be completed for 21/2 years.
(4)

Funding

The RFO budget for FY75 is $125,000.
Planning Program Region V EPA
(1) Program Objectives
The overall goal is to provide a coordinated plan for water
resources of the Great Lakes, but the primary emphasis in EPA is the
water quality aspects of such plans. Region V is the organizational
component responsible for the coordination of this activity. One objective
of the program is to work with the Great Lakes Basin Commission to
develop the Framework Study and Level B studies. A second is to
promote and require adequate planning activity within the states to
allow compliance with requirements. A third objective would be to
support the local activity, through grants when applicable, and to insure
coordinated regional-local plans.
(2) Major Components and Activities of Program
(a) Establishment of water quality standards
(b) Overview the state continuing planning process to
insure development of water quality management plans
(c) Administer the areawide planning grant program
(d) Promote and review facilities planning
(e) Develop water resources plans
(1 )
Coordinate federal water resources projects
(g) Assess economics of pollution control programs
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(3) Signi cant Future Plans
Future plans include continued impl
ementation of P. L. 92
500 with emphasis on areawide planning
under section 208, review of
state water quality standards, and cont
inuation of other activities.
(4)

Relationships to International, Fede
ral, and Regi

(5)

Funding

onal
Mechanisms
The Planning Branch is involved in
the cooperative development with Great Lakes Basin Commissi
on, the Framework Study and
Level B studies on the Great Lakes Basin
. Also, section 208 planning
grants are awarded to quali ed regional plan
ning groups.
Funding for FY 1975
Operating Costs
Section 208 Grants

Total

3

327,000
14,550,000

$14,877,000

Permit and Enforcement Program Region V EPA
(1) Program Objectives
The objective of the program is to regulate the disch
arge and
dumping of pollutants via outfalls into waters so as
to protect human

health and welfare, marine life, wildlife, shorel
ines, beaches, and esth-

etic, recreational, and economic values. This is
being accomplished
through the issuance of permits specifying conditions under
which such
discharges may be made and through enforcement of strict
compliance
with such conditions.
(2) Major Components and Activities of the Program
(a) Delegation of NPDES authority to states
(b) Public notices and/or hearings
(c) Permit issuance
(d) Adjudication hearings
(e) Compliance tracking (see Compliance Program)
(f)

Enforcement measures

(3) Signi cant Future Plans
Due to speci c preliminary requirements of the Act, issue of
NPDES permits began in FY 74. Permits for all major dischargers were
issued by December 31, 1974, and permits for all others were drafted by
that date and will be issued by the end of FY 75.
(4) Relationships to International, Federal and Regional
Mechanisms Not applicable
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(5)

Funding Regions II and V
Funding for FY 1975

Permit Program
Enforcement
Surveillance and Analysis

Total

3 959,000
625,000
694,000

$2,278,000

'Region V, Surveillance and Analysis, utllized these funds
for permit and enforcement support of the Enforcement
Division.
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Energy-Related Research of the U.S.
Fish and Wildlife Service on the
Great Lakes
Thomas G. Yocom and Howard D. Tait*
Great Lakes Fishery Laboratory, U.S. Fish and Wildlife Service,
Department of the Interior, Ann Arbor, Michigan
he U.S. Fish and Wildlife Service (FWS) has been active
in energy-related research on the Great Lakes since the
1960s and has been especially concerned with research dealing with the
ecological effects of the use of Great Lakes waters for cooling by
steam-electric power generating plants. In addition to conducting eld
and laboratory studies at the Great Lakes Fishery Laboratory (GLFL)
and its eld stations, FWS has provided technical assistance to interagency committees involved with determination of state or federal policy
concerning use of Great Lakes waters for energy-related purposes.
Since 1970, GLFL has produced more than 20 research papers
on energy-related topics, and many others assessing the ecological impact
of energy production (such as those on sh stock assessment and Great
Lakes limnology). In 1974, the staff made 15_presentations to various
technical and public interest groups detailing energy-related research of
FWS on the Great Lakes.
Interagency Technical Assistance

By law, FWS reviews the sh and wildlife aspects of applications made to the Atomic Energy Commission for permits to construct
and operate nuclear-fueled power plants. More than 20 applications were
reviewed by the GLFL staff in 1967 68.
*Presently at U.S. Fish & Wildlife Service, National Coastal Ecosystems Team, National
Space Technology Labs, Bay St. Louis, Mississippi
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In addition to these early involvements in the permit review
system, GLFL took an active role in the Lake Michigan Enforcement
Conference (LME C), which considered thermal as well as other types of
pollution. During the rst LMEC (1968) it was recommended that a
special committee be formed to study the disposal of wastes from nuclear
power plants. FWS participation on this committee was requested and
received. At the second LMEC, this committee reported there was
insuf cient technical information to permit the establishment of Great
Lakes Basin regulations for the disposal of power plant wastes.
In September 1970 available ecological information pertinent
to setting regulations was presented at the LMEC Technical Session.2
This presentation clearly showed that there was cause for concern about
the adverse effects of the use of cooling water from Lake Michigan. At an
executive session of the LMEC held in October 1970, a technical com-

mittee that included FWS members was formed to review a proposal for
limiting heat input into Lake Michigan. The report from this committee
was presented at the LMEC in 1971, and with slight amendments was
fully endorsed by the Environmental Protection Agency. The FWS staff
subsequently participated in a number of state hearings related to the
development and establisment of thermal standards.
At the LMEC of 1972, FWS presented evidence regarding
the adverse effects of cooling water use on Lake Michigan biota.1 After
this meeting, the Lake Michigan Cooling Water Studies Panel was
formed, with the same FWS representation as that on the LMEC
technical committee, and was charged with drafting a study plan by
which effects of thermal waste disposal in Lake Michigan could be
assessed on a local and lakewide basis.
Since late 1972, staff members of GLFL have participated in
drafting and revising the Lake Michigan Cooling Water Studies, Panel
Program Report, revising the water quality criteria of the US. ( blue
book ), and drafting critiques of environmental impact statements
relating to a number of power plants on the Great Lakes.
The FWS has also been involved in reviews of the federal
regulations proposed under Public Law 92 500 (Federal Water Pollution
Control Act revised October 1972), Section 316a (thermal discharges) and
the federal guidelines for demonstration under Section 316a. By law,
thermal dischargers may present evidence to demonstrate that they are
not damaging the water body receiving the heated ef uent, and thus may
be exempt from meeting technological requirements outlined in Section
316a. These reviews have led to FWS evaluations of Section 316a
demonstrations made by companies operating nuclear power plants on
Lake Michigan.
At the request of the Argonne National Laboratory, sta
members of GLFL have helped in the preparation and review of an

r

U. S. Fish and Wildlife Service
Atomic Energy Commission project report entitled
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Assessment of

Environmental Conditions of the Great Lakes in Relationship to Power
Production Part 1: Lake Michigan,

which has also been called the

Argonne Generic Statement. This project involves compiling a large
base of information on physical and biotic conditions in the Great Lakes
and includes available life history information for most of the important
species of sh and wildlife.
Energy-Related Research on the Great Lakes by FWS

All of the water used in steam-electric and pumped-storage
hydroelectric generating plants located on the Great Lakes and their

connecting waterways is withdrawn from nearshore areas (between the

shoreline and the 30-foot depth contour), and all of the waste heat from
steam electric plants operating with open-cycle cooling systems is also
discharged into these nearshore waters. These waters serve as spawning
and nursery grounds and as migratory pathways for most Great Lakes
sh.
The numbers of organisms killed or damaged at steam electric
power generating stations on the Great Lakes appear to be proportional
to the lake water use rate. Large numbers are already being killed, and
water use rates for cooling water and pumped storage uses are expected
to rise sharply in the future.
Energy-related eld and laboratory studies by GLFL have
thus been concerned with the nearshore waters and their biota. The
obj ective is to provide information and techniques useful in determining
or predicting effects of cooling and pumped storage water use on the sh
and wildlife of the Great Lakes.
The FWS has been assessing adult sh stocks in the Great
Lakes for more than 40 years. The resulting data have become increasingly valuable for showing historical trends in sh populations in relation
to shing, water use, and resource management. For example, assessments have recently aided in the evaluation of local sh populations at
power plant sites in Lake Michigan and in the Vicinity of two proposed
nuclear power plants on Lake Erie.
Such assessments of adult sh stocks can possibly be used to
correlate uctuations in these stocks with changes in water quality. For
example, a recent cooperative study by FWS and the Ohio Division of
Wildlife showed that water temperatures in the early spring are cor
related with the year class strength of walleyes in western Lake Erie.
Such data could be useful in determining the effects of thermal additions
on the reproductive success of sh that spawn in inshore waters of the
Great Lakes.
.
Ongoing studies by GLFL are also helping to delineate shal-
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low water nursery areas of important Great Lakes sh that might be
affected by existing or proposed power plants. Collections of young sh
have been made at sites near existing nuclear and fossil fuel plants on
Lake Michigan and western Lakes Huron and Erie. Data derived from
these collections should help predict the effects of power plant operation
on the early life stages of Great Lakes sh.
The GLFL is cooperating with the U.S. Army Corps of
Engineers in a study of the biological effects of the use of waste heat for
ice suppression in Saginaw Bay, Lake Huron. This project is part of a
program to determine the practicability of extending the navigation
season on the Great Lakes. To date only baseline data have been
collected. In another Corps-GLFL study which is indirectly related to
energy production, GLFL has been determining the biological and
chemical effects of a channel enlargement project in the St. Marys River
(the outlet of Lake Superior).
The lethal effects of temperature on a number of Great Lakes
sport and commercial shes have been determined at GLFL. These
studies have included determinations of the absolute temperatures or
abrupt changes in temperature that are lethal to various Great Lakes
sh. The data have beenused in the formulation of criteria for the
discharge of waste heat by power plants on the Great Lakes. Additional
studies have been completed or are underway to determine temperature
tolerances of forage sh and invertebrates that serve as food for Great
Lakes sh.
The sublethal effects of temperature on the physiology or
behavior of Great Lakes sh have also received considerable attention at
GLFL. A number of studies have dealt with the effects of temperature
on embryonic development and survival of eggs of such Great Lakes

species as lake White sh, lake herring, lake trout, Atlantic salmon,

rainbow smelt, and alewife. These data are especially important where
spawning or nursery areas are sites of thermal discharge from existing or
proposed power plants. Studies have also been completed or are underway to determine the effects of temperature on the feeding and growth
rates of Great Lakes salmonids.
Studies of the sublethal effects of temperature on predator
avoidance have recently been completed at GLFL. Yellow perch captured lake White sh fry that had been exposed to a 1-minute sublethal
thermal shock much more readily than fry that had not been shocked,
even though differences in the behavior of shocked and unshocked fry
were not apparent to the observer. These and similar studies indicate
that water quality criteria that are based primarily on lethal temperature
data may not adequately protect sh and wildlife.
The temperature preferences of Great Lakes sh are also
being studied at GLFL. This information will be useful in predicting
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whether sh will be attracted into power plant thermal discha
rges where
they could be exposed to lethal concentrations of chlorin
e, or be subjected to cold shock when the plant shuts down. Exposure
to elevated
temperatures during winter may also reduce reproductive
potential
(National Water Quality Laboratory, unpublished data) of
sh residing in
a plume.
Knowledge of sh swimming capabilities is also import
ant,
since sh in inshore waters are susceptible to intake
and discharge
entrainment, and this susceptibility depends partly on the speed
at which
they can swim. Studies underway at GLFL concern the
swimming

endurance of larval, juvenile, and adult sh at various
temperatures, as
well as their maximum short term (burst or sprint) speeds.
Preliminary

results on species tested to date indicate that larval lake herring
, lake
White sh, rainbow smelt, yellow perch, and alewife cannot swim
rapidly
enough to avoid being drawn into cooling system intakes of
power
generating plants on the Great Lakes.
.
Studies at GLFL have shown that sh accumulate pesticides

and other toxicants much more rapidly at elevated temperatures
than at

low temperatures. In a recently published report it was shown that rate
of accumulation of methylmercuric chloride and p,p DDT by rainbow
trout increases progressively as temperature increases from 5°C to 16°C.
Such data may be especially signi cant because some sh are attracted to
the heated discharge waters from steam electric generating plants.
Other studies are underway to determine sublethal effects of
temperature on zooplankton reproduction, sh sperm viability, and competitive interactions between planktivorous sh.
Recently the FWS has created a national power plant siting
team within the Of ce of Biological Services. This team, which will be
located at GLFL, will work cooperatively with the GLFL staff in
developing criteria for regulating the siting of power plants in the United
States. Clearly the FWS has recognized the importance of energyrelated research needs in the Great Lakes Region.
Energy-Related Research of the US. Department of the Interior,
Office of Water Resources and Technology

The Of ce of Water Resources and Technology (OWRT) administers the program of water resources research authorized by the
Water Resources Research Act of 1964, as amended. One major program
purpose is to develop through research new technology and more ef cient methods for resolving local, State, and nationwide water resource
problems. OWRT does not maintain its own laboratories, but provides
annual fund allotments and matching fund grants to a State university
water resources research institute in each State. Grants and contracts
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are also made with academic, private, public, and other organizations and
individuals having water research competence for support of urgently
needed water resources research work.
Research projects supported by OWRT relating to the effects
of increased energy conversion on the Great Lakes include studies on the
effects of increased heat on second trophic level fauna in Lake Superior,
the effects of heat on nearshore Lake Superior periphyton, and natural
physical processes affecting the recovery of the Great Lakes from
pollution. Other OWRT supported research includes hydraulic modeling
of Lake Superior, uptake of PCBs by lake trout, determination of trace
metal pollutants in the environment, and the relation of Lake Superior
periphyton photosynthetic pigments to primary productivity. Although
these projects are less directly related to the environmental effects of
increased energy conversion on the Great Lakes, they will be useful in
providing baseline data and techniques for assessing the resulting en-

vironmental impact.
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